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Abstract

We study linear and non-linear interactions between spin, heat and charge currents.
In a nutshell, we argue that similar to thermoelectricity where a temperature gra-
dient leads to a charge voltage, spin accumulation gradient also results in a similar
longitudinal voltage. We argue that the source of both interactions is the energy
dependence of the conductivity of the system. Graphene is chosen as a model system
for studying and then measuring this spin-coupled background voltage by employ-
ing even non-magnetic contacts. Since heat-charge interactions are similar to the
proposed effect, we also measure its behavior in our devices with only non-magnetic
contacts. To separate the spin-charge interaction from thermoelectricity, we use the
handle of external magnetic fields. Through simulations, the coupling between spin
and charge is further demonstrated by manipulation of spin accumulation and its
amplification in graphene p-n junctions using a charge current.
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Chapter 1

Introduction

Energy dependent conductivity is one of the interesting properties of graphene whose
consequences are still not completely exploited and understood in electrical devices.
One advantage of graphene compared to a conventional metal is that the Fermi level
in graphene can be easily tuned by application of a gate voltage to change the carrier
density and even carrier type from electrons to holes. In metals on the other hand,
changes in charge density are almost negligible due to extremely small electronic
screening lengths and high bulk carrier density. Furthermore, graphene is stiff,
chemically stable, and almost impermeable to gases, and has a very high thermal
conductivity, exhibits pseudo-relativistic behaviors of carriers and can withstand
high current densities [1]. These properties together with its geometry make it
interesting not only as a candidate for applications but also for exploring interesting
physics even at room temperature.

One of the well understood consequences of energy dependent conductivity is
thermoelectricity. Charges diffusing in a material are always scattered by impurities,
lattice imperfections and phonons. Under a temperature gradient, hot electrons and
cold electrons diffuse at different rates which in turn sets up charge accumulation
and hence an electric field. Measurements of the thermoelectric properties can thus
provide details of electronic structure of the ambipolar graphene that can not be
probed by conductance measurements alone. Moreover, one can also verify the
validity of Boltzmann transport in graphene by comparing the electrical conductance
and thermoelectric powers at different Fermi levels. Previous works have shown such
behavior [2] establishing the validity of semi classical Mott-Jones formula for Seebeck
coefficient.

In this work, we take a step further and study the effects of energy dependent
conductivity on spin diffusion in graphene. Graphene can support large spin signals
(≈ meV ) and also has large spin relaxation lengths (≈ µm) [3] compared to that
in metals (≈ µeV,<< µm) [4, 5]. A large spin relaxation length is possible due to
very low spin orbit and hyperfine interactions present in carbon based graphene [6].
At such a large spin accumulation, the two different spin channels in graphene start
to feel appreciable differences in their electrical conductivities. Such spin dependent
conductivities can be addressed in spintronics devices in the linear regime in the form
of spin hall effect [7]. We however focus mostly on its non-linear effects in the absence
of any external magnetic field. We claim that a gradient of spin accumulation creates
a longitudinal charge voltage similar to thermoelectricity. We also note that such an
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Outline Introduction

effect should also exist in other semiconductors. However, because of conductivity
mismatch [8] and energy mismatch due to presence of a depletion layer [9], it is more
difficult to measure experimentally. In graphene, however, conductivity mismatch
is avoided using tunnel barriers [10] for spin injection and its highly degenerate
nature avoids energy mismatch problem. Through simulations taking graphene as
a model system, the coupling between spin and charge can be further demonstrated
by manipulation of spin accumulation and its amplification in ambipolar devices
using a charge current.

For measurements of spin coupled background voltages, we fabricate graphene
field effect transistors [11] with both gold and cobalt contacts and use standard lock-
in technique to separate linear and non-linear harmonic signals. Using the similar
graphene FET devices, but with only gold contacts, we also highlight the measure-
ments of thermoelectric effects which scale with exactly the same energy dependence
of conductivity and are important to separate while analyzing the effects on only
spin diffusion. Furthermore, we study and speculate about the possible origins of
first order background signals present in a non-local spin transport measurement.

1.1 Outline

Chapter 2 summarizes basic theories of electronic and thermoelectric properties
of graphene. We also present spin diffusion in linear regime across it . Chapter 3
presents a comprehensive simulations of spin transport in graphene highlighting non
linear signals. These include estimation of spin coupled background voltage, ma-
nipulation and amplification of spin accumulation. Further, a modeling required for
thermoelectric effects in our geometries of FET devices is also described. In chap-
ter 4, we briefly describe experimental and characterization techniques, that were
used to fabricate and measure our devices. Since spin coupled background voltages
can be measured even using non-magnetic contacts, we fabricated devices with both
Cobalt and Gold contacts. In chapter 5, measurements are analyzed and discussed.
These include measurements on both spin transport and thermoelectricity. Finally,
chapter 6 summarizes important conclusions of this work based on simulations and
experimental measurements. An outlook is also proposed thereafter.

5



Chapter 2

Theoretical background

2.1 Graphene

Graphene, a two dimensional flat monolayer of carbon atoms is truly mother of all
graphitic forms in nature. It can be rolled up into a one dimensional nanotube or
into a zero dimensional buckyball or stacked into a three dimensional graphite as
shown in Figure 2.1. Until isolated recently by Geim and Novoselov et al [11], its ex-
istence in free state was debatable. This was based on a theory proposed by Landau
that strictly 2D crystals were thermodynamically unstable because of divergent con-
tributions from thermal fluctuations. The existence of graphene has however been
backed by viewpoint that the extracted 2D crystals become intrinsically stable by
gentle crumpling in the third dimension [12]. The good thing is that even after such
crumpling, graphene has experimentally shown features that match its theoretical
counterpart for 2D structure.

Figure 2.1: Different Graphite forms in nature can all be produced from graphene.
Left:Buckyballs, Center: Carbon nanotube, Right: 3D Graphite [12].
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Graphene Theoretical background
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Figure 2.2: Left: Hexagonal lattice unit cell vectors ~ai of graphene and its nearest
neighbors ~δi. Right: Reciprocal lattice vectors ~bi with high symmetry points K and K’ at
the corners of its Brillouin zone.

2.1.1 Band structure

Graphene has a hexagonal lattice as shown in left figure 2.2 with a lattice constant
a = 1.4 Å. It is not a Bravais lattice but can be considered a triangular lattice with
2 atom basis. The two atoms A and B are chemically equivalent, all sp2 bonded,
however different on symmetry. One can conventionally define the unit cell vectors
as follows

~a1 =
a

2
(3,
√

3), ~a2 =
a

2
(3,−

√
3) (2.1)

Using the periodic boundary conditions, Bloch states can be characterized by the
momentum vectors of the form ~k = (m1/N1)~b1 + (m2/N2)~b2 where mi are integers
running from 0 to Ni − 1 and Ni are number of unit cells along ~ai. The reciprocal
lattice also has hexagonal symmetry which is 90 degrees rotated with respect to the
direct lattice. Its vectors ~bi (right figure 2.2) are given by

~b1 =
4π√
3a

(1, 0), ~b2 =
4π√
3a

(1/2,
√

3/2) (2.2)

The Hamiltonian of graphene, under the tight binding model, can then be written
in the momentum space as follows

H = t
∑
~k

[ξ~ka
+
~k
b~k + ξ∗~ka~kb

+
~k

] (2.3)

where a~k and a+~k (b~k and b+~k ) are the annihilation and creation operators for the

A(B) sites, ξ~k =
∑3

i e
i~kδi and t is the hopping (transfer) integral. Spin states here

have been omitted for simplicity. δi are the three nearest neighbors shown in the
figure 2.2 and can be written as follows

~δ1 =
a√
3

(−1/2,
√

3/2), ~δ2 =
a√
3

(−1/2,−
√

3/2), ~δ3 =
a√
3

(1, 0) (2.4)
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Graphene Theoretical background

Figure 2.3:
Band structure
of graphene. Con-
duction band and
valence band meet
each other at K
and K’ corners. A
zoom in image near
these corners shows
a Dirac cone with
linear dispersion [1].

As seen in the equation 2.3, under a transformation a~k → a+~k and b~k → −b+~k ,
Hamiltonian remains invariant. This means that for every electron state with energy
ε, there is a hole state with energy −ε. Solving the Hamiltonian considering 3 nearest
neighbors describes the dispersion relation given in equation 2.5 and is shown in the
figure 2.3. The conduction band and valence bands here meet at high symmetry K
and K’ points, also called Dirac neutrality points, where charge density vanishes.
Hence for a pristine graphene at zero temperature, the Fermi energy will exactly
pass through these points. Moreover, because of above properties, the system can
be considered as semi-metal or zero band gap semiconductor. Note that zero band
gap is a consequence of symmetry (A and B are equivalent) and not because of the
3 nearest neighbor approximation.

ε(kx, ky) = ±t

√
1 + 4cos(

√
3kxa

2
)cos(

a

2
) + 4cos2(

kya

2
) (2.5)

2.1.2 Electronic properties

At low energies (ε < 1eV ) near K points, dispersion relation can be expanded as
~k = K + q, with q << |K| [1]

ε = ±~qFvF + ς(q2/K2) (2.6)

where ~vF/t = a
√

3/2, ~ is the reduced Planck’s constant and kF and vF are Fermi
vector and Fermi velocity. Such linear dispersion near Dirac points can be seen in
the enlarged image of the figure 2.3. Using this, the density of states per unit area
and carrier density with degeneracy of 4 included (2 each for spin and valley) can
be given as

dn

dε
=

2ε

π~2v2F
, n(ε) =

ε2

π~2v2F
(2.7)

The carrier density hence can be tuned by shifting Fermi level through the Dirac
point from electrons (εF > 0) to holes (εF < 0). Experimentally, this can be achieved
using a gate voltage. A graphene field effect transistor (FET) is shown in the left
figure 2.4, charges on graphene can hence be capacitively controlled. Using Drude
formula, conductivity σ (and hence resistivity ρ = 1/σ) can be described by
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Figure 2.4: Left: A graphene FET with a degenerately doped Si backgate to control
charge density of graphene. Right: A simulated Dirac curve representing variation in
square resistance versus carrier density and backgate voltage.

σ = n.e.ν (2.8)

where ν is the mobility and e is the electronic charge. Since graphene is a two
dimensional system, one conventionally defines a sheet or square resistance Rsq

instead such that Rsq = ρ/t (unit=Ω), where t is the thickness of graphene. This
also means that total resistance = Rsq(L/W ) is equal to the square resistance if
length L and width W of graphene channel are the same.

2.1.3 External effects on electronic properties

Equation 2.8 would mean that conductivity goes to zero at zero charge carrier den-
sity. However, there are mechanisms that affect the carrier density in graphene.
First one is the presence of electron hole puddles [13] arising from inevitable pres-
ence of disorder. As a result, graphene has a non-zero minimal conductivity at zero
charge density. Lets call the equal density of holes and electrons resulted by puddles
as npd. Moreover, carriers are also generated thermally [14] and can be quantified
using Fermi-Dirac statistics as nth = (π/6)(kBT/~vF )2. At charge neutrality point,
total background carrier density (ni) that governs minimum conductivity can then
be given by adding spatial inhomogeneities to nth as ni = [(npd/2)2 + n2

th)].
Another important change in doping profile of graphene arises from its contact

with metals [15]. A metal contact is inevitably needed in an FET. Due to a difference
in the work functions of metal and graphene, charge transfer takes place shifting
the Fermi level in graphene above or below the Dirac point. Consequently, even
at zero backgate applied the graphene can be in metallic hole or electron regime
(figure 2.5c) and it will take a backgate voltage VD to position the Fermi level at
Dirac point. The nature of charge transfer depends on the distance of the metal
from graphene and relative differences in work functions. Moreover, charge density
under the metal contact may be pinned or depinned, and accordingly affects the
transfer characteristics of the graphene FET [16]. Pinned cases arise in transparent
contacts and the charge density under the contact can not be modulated by the

9
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c

d

Figure 2.5: (a) Surface potential profile of graphene at zero average charge density. Blue
and red regions represent hole and electron puddles respectively [13]. (b) Distribution of
puddle carrier density showing a FWHM of n ≈ 1015 m−2 [13]. (c) Shift in Fermi level in
graphene ∆EF caused by difference in workfunctions of metal (WM ) and graphene (WG)
placed at a distance d. For large d ≈ 1 nm, ∆V = VD [15]. (d) Top: Distortion in transfer
characteristics caused by pinned charge density under contacts placed apart with distance
L and doped density from contacts over a distance LD. Bottom: For depinned charge
density under contacts, transfer characteristics resembles superposition of Dirac curves
backgated independently in the regions away from and near the contacts [16].

backgate. The Dirac curve here hence gets distorted (top figure 2.5d) on electron
or hole side depending on the nature of pinned charge. For our cases with tunnel
barrier (Al2O3) contacts, charge density is however depinned. Charge density under
the contact here now can be backgated similar to rest of the graphene causing the
transfer characteristics to look like a superposition of several Dirac curves, each of
which correspond to graphene under contacts and open-top graphene (bottom figure
2.5d).

Such external effects are summarized in figure 2.5. Thus to get the total re-
sistance of a graphene strip, one can consider different homogeneous parts of it
connected in series with its own characteristic control of the carrier density with
backgate and Dirac voltage VD. Taking these into account and using equation 2.8,
an explicit expression for the Rsq of graphene electrons and holes can be given as
[17]

Rsq =
1

νe
√
n2
g + 4n2

i

(2.9)

where ng = Cg(Vg − VD)/e is the charge carrier density induced by the backgate. A
simulated ideal transfer characteristic of a graphene FET is shown in the figure 2.4
for the case of no metal doping which clearly shows symmetric behavior for electrons
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Non-local diffusive transport Theoretical background

and holes. Here VD = 0 V , ni = 2×1015 m−2 and SiO2 thickness is 300 nm. Clearly,
the graphene supports two type carrier transport induced by impurities. This also
gives rise to change in longitudinal resistivity ρxx under perpendicular magnetic field
i.e. magnetoresistivity [18]. A two dimensional conductor with single carrier type
does not show this effect since the force exerted by Lorentz force is exactly canceled
by the Hall field. Further one will expect this effect to be strongest near Dirac points
and should decay away from it.

2.1.4 Thermal properties

Graphene possesses a superior isotropic thermal conductance k similar to carbon
nanotube and diamond. Its value is however debatable. While it was once shown
to range around 5000 Wm−1K−1 [19] for suspended graphene, other measurements
on suspended and supported graphene only showed it around 600 Wm−1K−1 [20].
k is temperature dependent and decreases for high T due to Umklapp processes
[21]. Besides, interaction of graphene with the substrate may decrease its thermal
conductivity. It has been shown that heat here is mainly carried by phonons [22] and
hence k does not follow Wiedemann-Franz law. In other words, it is independent of
σ(ε) and does not change with backgate voltage. However at low temperature, for
transport at electrochemical potentials much higher than Fermi level (εF > kBT ),
electronic contribution to thermal conductance can override phonons [23].

2.2 Non-local diffusive transport

Since signals corresponding to spin transport and thermoelectricity are much smaller
than ohmic voltage drops, a widely used non-local transport [24, 4] is employed to
separate the injection and detection circuit (see figure 2.6). Carriers with degrees
of freedom such as spin, heat, chirality etc. diffuse on both sides of injection while
charge currents stay only in the injection circuit. This way, detection circuit can
only read the diffusive spin or heat transport and not measure spurious signals such
as charge voltages, magnetoresistances, hall effect etc that are resulted in the paths
of charge current.

2.3 Thermoelectricity in graphene

Owing to a largely energy dependent electrical conductivity (and hence electron
scattering) as shown in the right figure 2.4, graphene shows big values of thermo-
electric signals similar to semiconductors. A temperature gradient in graphene FET
can be naturally set up through joule heating through contacts and graphene resis-
tances and through Peltier heating or cooling at junctions (right figure 2.6). Such
a gradient can then be detected using a thermocouple as an electrostatic voltage,
also called Seebeck effect. Peltier effect describes an opposite effect. In this case an
electric current at the junction of two metals or semiconductors sets up or absorbs
heat depending on the direction of current and electronic properties of the materials.

The Seebeck coefficient of the graphene has been recently shown to follow semi-
classical Mott’s formula [2, 25] originally derived for conventional semiconductors.
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Figure 2.6: Left: Non-local diffusive heat, spin and valley currents produced by a charge
current in graphene. Right: Heating in graphene FET setup by Joule and Peltier heating
and its Seebeck voltage detection using non-local geometry.

This relation takes energy dependent scattering of the electrons into account and
relates it to the electrical conductivity as shown below

Sgr =
−π2k2BT

3e

1

σ

dσ

dVg

dVg
dε

,
dVg
dε

=
4

hvF

√
πe∆Vg
Cg

(2.10)

where ∆Vg = |Vg−VD|. Seebeck voltage in the graphene FET can hence be quantified
by ∆V = ∆S ×∆T , where ∆S is the difference in Seebeck coefficients of graphene
and the contact and ∆T is the temperature gradient. This coefficient is linear in
temperature and goes inversely proportional to energy. So away from the Dirac point
the thermoelectric signals are smaller. Furthermore, the sign of this coefficient is
opposite for electrons and holes. Sgr becomes zero at zero charge density, since there
are equal number of electrons and holes caused by puddles and thermal generation.
The temperature profile T (x) caused by heat current Q, in one dimensional diffusive
flow channel, can be described by Fourier’s law of heat conduction as

∂T

∂x
= − 1

kA

∂Q

∂t
(2.11)

where k is the thermal conductivity and A is the cross section of heat flow.

2.3.1 Joule heating

A temperature gradient set up by Joule heating and its spatial distribution and
resulting Seebeck voltage can be written as

∂Q

∂t
= I2R, ∆T ∝ I2R⇒ ∆V ∝ (SDetR)I2 (2.12)

where R is the total resistance is the current path. Since heating occurs in the
entire graphene strip, a profile of temperature gradient on the detecting side of
circuit in figure 2.6 requires an integration. Further, graphene resistance changes
with changing carrier density and so do ∆T as well as Sgr. The Seebeck voltage
hence depends strongly on the carrier density present in graphene FET induced
by the back gate and can be measured using a thermocouple formed by graphene-
contact junctions as shown by the two probe voltmeter in the figure 2.6. It is easy
to see that such a voltage is a second order effect on charge current I.
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2.3.2 Peltier heating/cooling

The temperature gradient set up by Peltier effect corresponds to heating or cooling at
the junction depending on the properties of the materials and direction of current.
The junction in our devices is formed between metal contacts and graphene via
Al2O3. Assuming a homogeneous graphene and using Thomson relationship Π =
S.T , Peltier heating/cooling and measured Seebeck voltage can be given as

∂Q

∂t
= ∆ΠinjI, ∆V ∝ Sdet(SinjT )I (2.13)

where ∆Πinj is the difference in Peltier coefficients of two electrodes at current
injection junction, and inj and det represent injecting and detecting part of circuits
and T is the absolute temperature. Unlike joule heating, such effect is linear in
current and must change sign with change in direction of current. However, sign for
electrons and holes is the same. Such linear signals are difficult to isolate because
of possible backgrounds arising from current spreading under invasive contacts [26]
and because of small magnitudes.

2.4 Linear spin transport in graphene

Compared to electrical spin injection into metals [5, 4] and semiconductors [27],
Graphene [3] shows 10 times higher spin signal. While in metals, very low spin
injection could be circumvented using tunnel barrier, small relaxation length is still
a problem. In semiconductors, this is worsened by the presence of Schottky barrier
at semiconductor-ferromagnet interface. Graphene on the other hand has also shown
to support very large spin lifetimes since the mechanisms that limit it i.e. spin-orbit
interaction and the hyperfine interaction are expected to be small [6]. In this section,
spin transport in graphene is discussed in linear regime where the conductivities for
spin up and down electrons in graphene are considered the same.

2.4.1 Spin injection and accumulation

The most straight forward way to inject spin imbalance into a non-magnetic metal
(NM) employs flow of an electrical charge current from a ferromagnet (FM) into
NM [28]. In FM, the density of states of spin up and down type electrons are
shifted in energies. Consequently, there are more spins for one kind (majority spin)
than the other one. The relative population however in NM is the same. When
a charge current flows, it sees a change in conductivity for different spin channels
in NM with respect to that in FM. This sudden change causes the electrochemical
potentials near the junction to split (µ↑ and µ↓) away from its equilibrium/bulk
Fermi level EF (µavg). Using the Mott’s two channel conduction, and considering
different conductivities, one can define currents for two channels by the following
relations, that are similar to Ohm’s law.

j↑ =
σ↑
e

∂µ↑
∂x

, j↓ =
σ↓
e

∂µ↓
∂x

(2.14)

where the total charge current j = j↑ + j↓. To quantify physics of spin only, one
defines a spin accumulation (∆µ) and spin currents (js) as corresponding differences.
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EF

FM GrapheneI

(A)                           (B)                           (C)

Figure 2.7: Electrical spin injection in graphene achieved through passing a charge
current from a FM into it. (A) Different density of states for spin up and down electrons
in FM at Fermi level. (B) Spin accumulation in graphene at its junction with FM, note
that there are more spin up than down electrons similar to FM (C) Density of states in
bulk graphene which has the same number of two types of electrons

js = j↓ − j↑, ∆µ = µ↓ − µ↑ (2.15)

However, spin accumulation in graphene is a non-equilibrium process. This is be-
cause the graphene is covalently bonded system with equal number of spin up and
down electrons. The ∆µ near the interface must relax away from it. The main mech-
anism behind this relaxation is still debatable between Elliot-Yafet and Dynakov-
Perel theories [17, 29]. While Elliot-Yafet method of spin relaxation suggests that
spins relax owing to momentum scattering, transferring its momentum to lattice,
Dynakov-Perel advocates its dephasing in time due to spin orbit coupling. This can
be quantified by the following equation

Ds
∂2∆µ

∂x2
=
µs
τs

(2.16)

where Ds and τs are the spin diffusion constant and spin relaxation time respectively.
A spin relaxation length λs =

√
Dsτs can be defined which describes a characteristic

length of a system where non-equilibrium spins can survive. Equations 2.14 can be
rearranged into following using electric field E(x) = (1/e)(∂µavg/∂x), equation 2.15,
and µ↑,↓ = µavg ±∆µ.

J↑,↓ = σ↑,↓

[
E(x)± 1

e

∂∆µ

∂x

]
(2.17)

The general solution to the aforementioned second order spin diffusion equations
can then be solved [30] for any region n which has a net resistivity of ρ and conduc-
tivity polarization β given by σ↑,↓ = [2ρ(1 ± β)]−1. For non-magnetic metals, two
conductivities are the same so β = 0.

∆µ = K
(n)
1 exp

(
x

λs

)
+K

(n)
2 exp

(
− x

λs

)
(2.18)

E(x) = (1− β2)ρJ +
β

eλs

[
K

(n)
1 exp

(
x

λs

)
−K(n)

2 exp

(
− x

λs

)]
(2.19)
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Js = βJ +
1

eλsρ

[
K

(n)
1 exp

(
x

λs

)
−K(n)

2 exp

(
− x

λs

)]
(2.20)

Presence of Kis are related to spin diffusion while the first terms in equation 2.19
and 2.20 are due to the local charge current present in the medium. Note that for
two dimensional graphene, we replace J by I/W and ρ by Rsq into the equations.
Presence of two kinds of coefficients in the general solution reflect propagating and
reflecting (much smaller than propagating) terms whose values are estimated using
boundary conditions.

2.4.2 Role of contacts and conductivity mismatch

Spin accumulation in graphene will depend strongly on its injection from the ferro-
magnet. The graphene interface is therefore an important factor. First, it should
not relax the spins to its equilibrium state. Secondly, the resistances at the interface
should match to facilitate an efficient spin current. Ferromagnet, a metal, how-
ever has resistance much lower than graphene. Consequently, two spin channels see
almost the same resistance when a charge current flows from FM into graphene ren-
dering the spin current pretty low. This problem can be circumvented using tunnel
barriers [10] between FM and graphene interface. Now, the injection for different
spin channels happen via tunneling that depends on the spin dependent density of
states. Effectively, this results in a spin dependent tunnel barrier resistance and
hence a spin current Js = PJ where P is the polarization of tunnel barrier. Another
advantage of tunnel barrier is that due to high resistance, the spin once injected into
graphene can not flow back into FM. This is important for a voltmeter that needs
to sense spin dependent voltage. An ideal voltmeter does not draw a charge current,
but an ideal spin voltmeter should not draw spin current. Note that a spin current
can exist even with no net charge current too. Popinciuc et al. [31] considered
the role of contacts with finite resistance as a possible path for spin relaxation and
derived the following modification for the injected Js from a contact into graphene
under linear regime.

Js = P

(
I

W

)
− 2

eRcW

(
∆µ

1
1−P + 1

1+P

)
(2.21)

where Rc is the contact resistance with polarization P. Note that in case of FM with
Rc →∞, the expression of spin current does not suffer any backflow. Further, this
also describes a spin relaxation by a floating non magnetic (NM) or FM contact
that may be present in the devices (with P = 0 in case of NM).

2.4.3 Spin transport and detection

In this section, we focus on understanding spin transport in the diffusive regime.
Considering that a tunnel barrier is used to inject spins into an infinite strip of
graphene (x > 0), profile of ∆µ is evaluated from equations 2.18 and 2.20. This
uses a boundary condition that Js at x = 0+ is PI and assumes an infinite long one
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Figure 2.8: Detection of linear spin signals in the non-local geometry. Left: a cartoon
showing profiles of spin dependent electrochemical potentials (µ↑ and µ↓) created via
current injection from FM. Detecting FM on the right is sensitive to red or blue curve
depending on its magnetization. Right: A typical non-local spin valve measurement when
an in-plane magnetic field is swept to change the relative magnetizations of injecting and
detecting FM.

dimensional graphene channel.

∆µ =
PRsqeλsI

2W
exp

(
− x

λs

)
(2.22)

In principle, a conventional two terminal spin valve can be used to extract all param-
eters related to spin transport. However, effects such as hall effect and anisotropic
magnetoresistances mimic spin signals and pose a big problem in differentiating a
real spin transport signal from these artifacts. We therefore employ a four-terminal
non local spin valve geometry [4]. For this, we use a ferromagnet to inject current
and create spin accumulation in graphene. Another FM can be used to measure
the voltages in non local geometry, which is now sensitive to µ↑ or µ↓ depending on
its magnetization direction which can be changed by sweeping a magnetic field in
plane. Such a measurement scheme has been shown in the figure 2.8. We define a
nonlocal spin resistance Rs as follows

Rs = Pdet
(µ↑ − µ↑) /e

2I
= Pdet

∆µ/e

I
=
PinjPdetRsqλs

2W
exp

(
− x

λs

)
(2.23)

where Pinj and Pdet are the tunnel polarization of injecting and detecting FM con-
tacts, that need not be the same. While one can take distances dependences of
spin valve to compute all relevant spin transport parameters such as P and λs, ex-
perimentally it is not always feasible to have data for different distances. A more
convenient method that employs Hanle precession of spin [5] can be used to extract
parameters like Ds and τs independently. For this, a perpendicular magnetic field
B⊥ relative to the spin direction is applied. This causes the spins to precess with a
Larmor frequency of ω = gµBB⊥/~. If a spin takes the time t to reach from injecting
FM to detecting FM, it also acquires a phase difference of φ = ωt. The detector elec-
trode however only measures the spin component parallel to its magnetization. The
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Figure 2.9: Hanle spin precession Left: spin injection from ferromagnet F1 under per-
pendicular magnetic field precesses before reaching the detecting ferromagnet F2 which
measures a voltage proportional to the component of spin accumulation parallel to its
magnetization Right: In phase (∆µx) and out of phase (∆µy) components of spin accu-
mulation. Note that F2 measures only x component.

signal detected therefore will be modulated by Cos(ωt) due to the applied magnetic
field. Considering this into diffusion equation, the ∆µ is now spatially governed
with following equation

Ds
∂2∆µ

∂x2
− ∆µ

τs
+ ω ×∆µ = 0 (2.24)

However, we are dealing with a a diffusive system, where length of our devices are
much larger than any length scales like mean free path. The time of flight for spins
from FM1 to FM2 is therefore not unique, but has a distribution. Spins during this
time, can also flip with a characteristic spin flip time of τs. Taking 1D probability
distribution of diffusion times for a length L ℘(t) =

√
1/4πDtexp(−L2/4Dt), one

can write the Rs as following

Rs ∝
∫ ∞
0

℘(t)cos(ωt)exp

(
− t

τs

)
dt (2.25)

It is important to note that even in case of τs → ∞, broadening of spin diffusion
destroys the coherence of spins relative to each other. The signal hence in addition
to showing periodic modulation decays as magnetic field is increased. To solve this
integral Int(B⊥), MATHEMATICA is used [32] and gives the following result

Int(B⊥) =
1

2
√
Ds

exp
(
−L
√

1
Dsτs
− i ω

Ds

)
√

1
τs
− iω

(2.26)

As shown in the figure 2.9, real and imaginary parts of the solution represent the
effective in phase and out of phase (rotated by 90 degrees) components of spin
accumulation relative to the magnetization of injecting FM.
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Chapter 3

Modeling

In this chapter, we describe the modeling on non-linear interactions of heat, charge
and spin that arise from the energy dependent conductivity. This is important to
know the expected magnitudes and signs of effects we want to see in our devices
and to achieve its proper separation with respect to each other.

3.1 Heat and charge interactions

To quantify the Peltier and Seebeck effects, we use the thermoelectric model [33].
The interactions between heat and charge then can be related to the voltage and
temperature gradients in the following way.(

~J
~Q

)
=

(
−σ σS
σΠ −k

)(
~∇V
~∇T

)
(3.1)

where parameters are defined as in section 2.3. Unlike charge or spin transport which
can be modeled using one dimensional transport, heat can flow through insulators
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Figure 3.1: FEM Comsol simulation of temperature gradient in Field effect transistors.
Left: Temperature changes by joule and Peltier heating and its detection in non local
geometry. Right: Profile of temperature along the length of graphene. Asymmetry in
temperature results from opposite signs of Peltier heating or cooling at two junctions and
because of location on contacts on finite sized graphene flake.
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Figure 3.2: Generation of a non-local charge voltage by heat injection in graphene.
Left: Calculation of Seebeck coefficient of graphene from Dirac curve using Mott-Jone’s
formula (equation 2.10) Right: Comsol simulation of Seebeck voltage detection of the first
order resistance corresponding by Peltier heating/cooling and Second order resistance
corresponding to Joule heating in graphene FET.

and in all directions. We therefore use a software finite element method (FEM)
solver Comsol [33] to solve the profile of temperature (figure 3.1) in our device
geometries. Joule heating is incorporated using ∇Q = J2/σ while Peltier heating
or cooling is automatically introduced by Thomson relationship Π = ST . Graphene
is strictly 2D, so it could be modeled using 2D simulation. But the surroundings
are 3D (contacts, substrate), so one would need to couple a 2D and a 3D model.
Graphene however can also be modeled by a thin 3D layer, while making sure that
the properties do not vary along its thickness and that the bulk parameters together
with its finite thickness account for the same in-plane properties as 2D graphene.

The Seebeck coefficient (Stun) of the tunnel barrier depends on the density of
states of materials present on its either side. An analytical expression for this reads
as [34]

Stun = (T 2
M − T 2

gr)

[
(∂ρM/∂ε)

ρM
+

(∂ρgr/∂ε)

ρgr
+
z

~

(
2m

Φ

)]
(3.2)

where ρ, T and M denote density of states, temperature and metal contact respec-
tively while Φ and z are the barrier height and thickness. However if we consider
that a small temperature gradient appears across the barrier compared to that along
the graphene length, thermoelectric properties of tunnel barrier could be neglected.
Assuming constant thermopower of tunnel barrier and metal contacts, the comsol
simulations for second order resistances (R2) corresponding to Joule heating from
contacts and graphene and first order resistances (R1) for Peltier heating are shown
in figure 3.2. The definitions of resistance correspond to total Seebeck voltage sep-
arated into different harmonics as follows

V = R1I +R2I
2 + ... (3.3)

We have assumed graphene has a uniform background density and no doping from
contacts (VD = 0V). Further we neglect the minor changes in k with temperature
differences coming from Joule/Peltier heating. R2 changes its sign from electrons to
holes while R1 keeps the same sign for any backgate voltage.
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Specific to the device shown in figure 3.1, Dirac curve shown in left figure 3.2 is
used for calculation of Sgr. Graphene is modeled as a 10 nm thick and 1 µm wide
layer while the tunnel barrier with thickness of 10 nm. The latter has an effective
out-of-plane resistance of 10 kΩ (for a contact area of 1µm ∗ 0.1µm with graphene
layer) and constant thermopower of 100 µV/K. There are 4 gold contacts (with
thickness 25 nm and thermopower of 1.7 µV/K ) leads each separated by 1 µm.
The substrate is 300 nm thick SiO2. The temperature of the bottom of the substrate
is kept fixed at 290 K. The contact leads are forced to 290 K at 1 µm away from
the graphene layer. Electrical conductivity of gold σAu = 2.2× 107 Sm−1. Thermal
conductivities for Au metal contacts are calculated using Wiedeman-Franz law while
kSiO2 = 1.4 Wm−1K−1 and kgr = 600 Wm−1K−1 and kAl2O3 = 1.5 Wm−1K−1 are
used from literature. We have used properties of graphene with 3.5 Å thickness and
that of Al2O3 with 1 nm thickness (including interface resistance).

3.2 Non-linear spin-charge interaction

Unlike in metals, energy dependent conductivity for different spin channels can not
be neglected because of large spin signals. In this section, we use this to establish a
more elaborate picture of spin transport in graphene. These include the higher order
effects of spin signals and its manipulation and interaction with charge currents. We
emphasize that spin signals in graphene can even be measured using non-magnetic
contacts whose magnitude depends greatly on the charge carrier density and nature
of Dirac curve. All simulations were done using Matlab 2009 and parameters and
methods have been listed in appendix A.

3.2.1 Spin coupled background voltage

In linear approximation, spin polarization of conductivity βgr for graphene is 0.
The spin accumulation ∆µ (in equation 2.22) however causes the µ↑ and µ↓ to
occupy different energy bands, therefore effectively causing them to have different
conductivities (as shown by Dirac curve, carriers at higher ε have higher σ). Taking
this spin dependent conductivity into account, We can introduce this βgr which
effectively describes the graphene as a ferromagnet with conductivity polarization
proportional to ∆µ and derivative of conductivity evaluated at ε = µavg.

βgr ≈ −
1

σ

∂σ

∂ε
∆µ = −α∆µ (3.4)

βgr is however not a constant like a FM because the ∆µ and hence energy splitting
between spin up and down electron channels will change spatially. To simulate the
solutions, we divided the graphene into many sections each with a constant βgr
defined by corresponding ∆µ present in it. We then used continuities of ∆µ and Js
at each sections in addition to one at graphene FM junction to simulate solutions of
the spatial distribution of µavg. Note that this background voltage is solely coming
from the spin diffusion. Further, it is clear to see that in the case βgr is zero,
E(x) = 0 everywhere (equation 2.19) in the non local geometry and hence µavg does
not change spatially. This voltage rides over µ↑ and µ↓ as follows

µ↑ = µavg + ∆µ, µ↓ = µavg −∆µ (3.5)
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Figure 3.3: Generation of a non-local charge voltage Vnl = µavg/− e by spin injection in
graphene. Left: profiles of µavg and ∆µ created by a spin current. Right: charge carrier
density (back gate voltage) dependence of the non-local potential at 1µm away from the
injector.

Such a spin coupled charge voltage (µavg) can be even measured using a non-magnetic
contact as the longitudinal signals in the absence of any magnetic field (Using mag-
netic field, spin dependent conductivity can be exploited to study spin hall effect [7],
which is a linear effect and not discussed here). This is indeed an interesting thing
since this gives an additional possibility to probe spin accumulation in graphene
using non-magnetic contacts. Continuing with µavg = −eVnl, we derive its analytic
expression in the non-local geometry by integrating the equation 2.19.

µavg = −α
2

(∆µ)2 , Vnl =
αe

2

(
Rs

P

)2

I2 (3.6)

This fits perfectly to the simulations and is shown in the figure 3.3 together with
the ∆µ profile. Clearly, µavg is a second order effect on ∆µ and hence decays with
a characteristic length of λs/2. Further, its magnitude and sign depends on the
parameter α defined in the equation 3.4.

Now, we discuss the nature of the coefficient α. First of all, this changes sign
going from electrons to holes and so does µavg. This is because of the charges that
build up owing to different conductivities (and hence diffusion) for spin up and
down carriers have opposite signs and therefore create opposite voltages. Secondly,
its magnitude increases as one goes towards the Dirac point. This is because the
conductivity has a steeper dependence on energy here. Near the Dirac point, how-
ever, it decreases and becomes zero at exactly Dirac Voltage. This is because the
graphene becomes partially non-degenerate due to presence of both electrons and
holes (See section 2.1.2). Since two carrier types produce voltages of opposite signs,
at Dirac neutrality point (equal number of electrons and holes) it becomes zero.
This behavior is in analogy to the case of the thermoelectric Seebeck coefficient
Sgr (see section 2.3) which has the same dependence on σ(ε) as α and follows an
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Figure 3.4: Effect of charge current on spin accumulation ∆µ. Left: Profile of ∆µ due to
its interaction with I1 on the right side of the circuit. Inset: non-linearity of the non-local
∆µ, 1 µm away from the injector. Right: Redistribution of ∆µ caused by a current I2 via
a non-magnetic contact.

approximate Mott formula based on the experimental Dirac curve. Using equations
2.22 and 3.6, we see that this voltage depends on energy as σ−3∂σ/∂ε.

3.2.2 Spin manipulation by charge current

Beside creating a background voltage, βgr also induces non-linearity in ∆µ. Since the
injecting circuit has an associated charge current, it will interact with the difference
in spin conductivities. This asymmetry reflects in the profile of ∆µ created by a
spin current on the non-local circuit. Not only its effective decay on two sides can
become asymmetric, the total spin accumulation under the injector also increases
or decreases. This can be thought of resistors (representing each spin channel)
connected in parallel. Charge current on injection side can enhance or restrict the
spin accumulation depending on its direction, while it does not affect the non-local
part. Consequently, total resistance (parallel addition) seen by injector can increase
or decrease changing the ∆µ accordingly. This has been shown in left figure 3.4.
The dashed line in its inset shows linear ∆µ in the absence of non-linear interaction
between spin and charge.

An interesting result is observed if we consider a second charge current I2 via
a non-magnetic contact, as depicted in left right figure 3.4. A spin accumulation
in graphene creates a conductivity spin polarization βgr, which in the presence of
a charge current I2 gives rise to a spin current βgrI2. The non-magnetic contact
hence seems to inject a spin current similarly to the case of a magnetic contact.
Depending on the polarities of I2 and βgr, spin accumulation or depletion is observed.
The non-magnetic contact offers an extra handle by which we can amplify the spin
accumulation. Evident in figure 3.4, ∆µ under the nonmagnetic contact can be even
larger than that under the magnetic contact.
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Figure 3.5: Change in spin accumula-
tion ∆µ profile in a graphene p-n junc-
tion due to a charge current I2 (assum-
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in two types of graphene.) Inset: Change
of ∆µ at the junction (under the mag-
netic contact) due to I2 resembles a linear
amplifier circuit with positive feedback in
case of positive I2 and negative feedback
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3.2.3 Spin focusing in p-n junction

In graphene field-effect devices we can individually address specific regions via local
electrostatic gates. We use this capability to study ambipolar spin transport in
graphene. We choose a highly symmetric case where the physics can be easily
understood and derive a simple analytical description which accurately describe the
simulations. The latter is possible because in graphene we can ignore the effects of
the charge depletion region present in non-degenerate p-n junctions [35, 36]. We
consider a graphene channel with the left half set in the hole regime and the right
half set in the electron regime, as depicted in figure 3.5. Initially, with I2 = 0, the
magnetic contact located at the junction creates a spin accumulation ∆µ given by
equation 2.22 (assuming pure spin current injection). We define A = λρe/2w, so
that under the magnetic contact we have ∆µ0 = API1. If we now apply a charge
current I2 via the non-magnetic contacts, the sign change of the parameter α at
the junction creates a source of spin current equal to 2βgrI2. Such a discontinuity
induces a spin accumulation ∆µind. The graphene spin polarization βgr here will
given by the total spin accumulation at the junction ∆µtot = ∆µ0+∆µind. Therefore
at the magnetic contact

∆µtot(0) = API1 + A2αI2∆µtot(0) + A2αI2

∫ ∞
0

∂x
∂∆µtot(x)

∂x
exp

(
−x
λ

)
(3.7)

with third term as a compensation term in ∆µind corresponding to the presence of I2
in the p and n regions with inhomogeneous spin polarization βgr. For small charge
currents (I2 << 1/αA) we have ∆µtot(x) ≈ ∆µ0(x) and the integral in equation
3.7 evaluates to −∆µtot/2. Introducing back this result into the above equation 3.7
leads to ∆µtot at the junction

∆µtot =
API1

1− AαI2
(3.8)
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equivalent to an amplifier circuit with positive feedback controlled by αI2. This
equation gives accurate results for low values of I2 and the distribution of spin
accumulation will hence (de)focus at the junction with changing I2 [36]. To account
for large values of I2 we generalize the equation 3.7 for the case of spin accumulation
µtot(x) at any location within the graphene. After differentiating the equation two
times with respect to x, it follows that the general solution satisfies

Ds
∂2∆µ

∂x2
− A2αI2

λ

∂∆µ

∂x
− ∆µ

λ2
= 0 (3.9)

which has solutions of the form exp(∓x/L±) with L± = λ/(±AαI2+
√

(AαI2)2 + 1).
The second term in the equation 3.9 arises due to the spin-dependent conductivity.
For a one-dimensional Drude model the mathematical formulation is similar to that
of drift [37]. Invoking these solutions in the equation 3.7 we find that, for the case
of non-magnetic contacts far away from the spin injector, the spin accumulation has
the form ∆µtot(x) = (API1λ)L−exp(−|x|/L+). The analytical solution describes the
(de)focusing of the profile with I2 shown in figure 3.5. At I2 > 0 the distribution of
∆µ focuses at the junction. The opposite occurs for I2 < 0. In the limit I2 >> 0 the
peak in the spin accumulation has a value of ∆µ = 2A2PαI1I2 and the distribution
tends towards a Dirac delta function with constant area API1λ. The small peaks
at x = ±9 are due to amplification at the non-magnetic contacts.

Using the solutions to equation 3.9 and applying boundary conditions, we can
also describe the non-linear spin resistance caused by I1 in the inset of left figure 3.4
by ∆µ(x) = (ePI1λeff )(2w)−1exp(−|x|/λ) for x ≤ 0, where λeff = 2(1/λ+1/L−)−1.
For small I1 the latter leads to the addition of a second order term to equation 2.22
of the form Vnle/P , with Vnl defined in equation 3.6. All simulations were later
checked with analytical solutions, estimated with proper boundary conditions set by
extra charge current and inhomogeneity of βgr, which matched perfectly.

3.2.4 Detection of spin coupled background voltage

Detection of spin coupled background voltage (V2 = −µavg/e) is difficult because
of it being a second order effect with small magnitudes. Obviously one needs to
separate first order signals (relatively larger) from other harmonics, which could be
experimentally done using a lock in amplifier. Still the biggest hindrance here is the
presence of thermoelectric voltages that vary similar to spin coupled background
voltage with carrier density. The magnitude of spin coupled background voltage
therefore can be completely overshadowed by thermoelectric effects. We therefore
use magnetic field as the handle to change the magnitude of signals and compare it
with theory to know if it indeed represents the spin coupled background voltage.

Firstly, we propose to measure a spin valve that can be measured using just non-
magnetic contacts. As shown in the left image of figure 3.6 two ferromagnet contacts
are used for injection of spin currents in graphene. An in-plane magnetic field can be
swept to change the relative magnetization of two FM contacts. Spin accumulation
and spin background changes depending on whether the magnetizations are parallel
or anti-parallel (see the figure). Explicitly, in case FM contacts are anti parallel,
spin accumulation is larger than the parallel case and so is the spin background
coupled voltage. This gives rise to a spin valve like measurement of the spin-coupled
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Figure 3.6: Detection of spin coupled background voltage. Left: Non local spin valve
measured by NM contacts: For parallel and anti parallel magnetizations of FM contacts,
∆µ and hence the background voltage µavg under the detecting gold contact are different.
Right: Non-local spin precession of µavg under a perpendicular magnetic field: A simulated
background precession curve for equal carrier density of electron and holes is also shown
which can be measured with NM contacts.

background voltage. Moreover, going from electrons to holes, the spin valve must
revert its shape. This is because in case of electrons, a positive V2 increases its value
from going to parallel to anti parallel while in case of holes a negative V2 becomes
even more negative in case of anti parallel.

Second is the use of Hanle precession of spin accumulation. Again, we claim
that such a precession should be measurable with even non-magnetic contacts (right
figure 3.6). By applying a B⊥, spins are dephased killing the spin accumulation and
hence the background voltage also decays as the field is increased. The good thing
is that such a signal is a characteristic precession curve that can not be mistaken for
any thermal signals. To quantify this precession curve, one takes into account the
net spin accumulation and not just any parallel component. ∆µ2 in the equation
3.6 under application of B⊥ has therefore to be written as

(∆µtot)
2 ∝ (∆µx)

2 + (∆µy)
2 (3.10)

Since this signal is a second order effect, this does not change the sign if injecting FM
changes its magnetization and is detected using NM contact. However, µavg changes
sign from electron to holes and hence one expects that such precession curves should
revert itself correspondingly (right figure 3.6).
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Chapter 4

Experiment

4.1 Device Fabrication

To measure the effects described in chapter 2, we proposed to fabricate and measure
graphene FET with mixed contacts. So, we have both magnetic (FM) and non-
magnetic (NM) contacts in the device. The idea is strengthened by the fact that
the spin-coupled background should also be measurable even with a NM contact.
This on the other hand complicates the fabrication by adding an extra Electron
beam lithography (EBL) step. Throughout, a good care is needed to contaminate
the device as less as possible. Further, it is important that FM contacts do not get
oxidized in air.

4.1.1 Graphene deposition

We started with a highly doped n++ Si substrate of thickness 700 µm overlayed with
an oxidized SiO2 dielectric of thicknesses 300 nm. This facilitated a parallel plate
capacitor when graphene was deposited on top of it, so that charge densities could
be tuned by applying a gate voltage to the Si. To deposit graphene, we used the
standard scotch tape method [12] to mechanically exfoliate pieces of highly oriented
pyrolytic graphite (HOPG) and Kish graphite which was then transferred on the top
of Si/SiO2 substrate by pressing against it. Due to Van der Waals forces between
the substrate and graphite flakes, exfoliated layers remained stuck. This method
of course left traces of glue on the substrate and on top of graphene. Extensive
treatment with acetone to clean it was however avoided, so that the adhesion of the
layers on the substrate was not disturbed. The flakes were preferably selected long
and narrow (< spin relaxation length ls) to fit one dimensional diffusion physics.
Further, for statistical reasons, 2-3 graphene flakes in proximity were chosen for
device making. These were needed to be oriented in the same direction so that FM
contacts could be placed all parallel to each other to facilitate switching of their
magnetization by a common applied magnetic field .

Since the flakes were small, SiO2 layer was patterned with gold markers using
optical lithography to locate those and remember their addresses. These were then
looked under optical microscope (Olympus Microscope BX51 with ColorViewIII
camera) to differentiate their thicknesses. Since the human eye has its maximum
sensitivity around wavelength λ = 500 nm, color contrasts, filters and intensity were
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Device Fabrication Experiment

adjusted accordingly to achieve maximum visibility of graphene flakes. Also, due
to interference effects arising from 300 nm thick SiO2, optical contrasts needed to
be adjusted. Since the incident lights is scattered differently from the substrate
than flakes, a difference in optical contrast was observed which increased linearly
with number of layers. Normally, such contrast was 5% for single layer (graphene).
Generally the flakes were of different sizes and shapes were randomly distributed
and graphene pieces, usually very few in number relatively, are located next to big
thicker ones. A stepped layer by layer graphite shapes is a common find and can
serve as a qualitative calibration for layers. A typical optical microscope picture of
graphite deposited using scotch tape method looks like figure 4.1.

Figure 4.1: Optical microscope pictures of graphite deposited using scotch tape method.
Left: a layer by layer steps of graphite on the gold markers Right: a graphene flake near
big gold address marker.

4.1.2 Characterization of flakes’ thickness

Two undisputed ways to know if the flake is graphene indeed, are through Ra-
man spectroscopy [38] and quantum hall effect (QHE) measurements [12]. However,
we used Atomic force microscopy (AFM) together with optical contrasts as initial
guesses to know the graphene width. This is because of absence of Raman spec-
troscopy set up in our lab. Plus one can not measure QHE without making the
entire device.

AFM is a surface scanning technique that enables one to probe topography with
high resolution. We used its tapping mode where a cantilever is made to oscillate
slightly below its natural resonance frequency. When the tip comes close to the
surface it probes, it feels a force which in turn changes the amplitude of the oscilla-
tion. This change will depend on the nature of the surface and its height relative to
each other. An electrical feedback technique then keeps the amplitude of oscillation
constant by adjusting the height of the cantilever from the surface. Height profiles
are stored at each assigned location and form the pixel of the topographical image.
In addition, different nature of surfaces cause the phase of the driving frequency to
change. This is also recorded in form of the phase image, See the figure 4.2
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However, it has been shown that measurement parameters can greatly influence
the flake’s thickness [39]. In general, on surfaces with changing material properties
due to differences in wettability (attractive forces coming from any water present),
tapping AFM is highly unreliable. Therefore the measurement set points should be
chosen in repulsive interaction regime (hard tapping). Consequently due to these
reasons, we got a step height of around 0.9 nm generally for single layer against
0.34nm reported in literature, which suggests that the method is not optimal. Note
that the depositing glue on top may increase the roughness.

Figure 4.2: Flake characterization by AFM. Left: Height image of a graphene flake.
Right: Phase image of the same scan.

4.1.3 Tunnel barrier deposition

To avoid conductivity mismatch, a tunnel barrier is required (see section 2.4.2). At
first, it would seem that a direct deposition of an oxide may work. However there are
many complications over the uniformity and adhesion of such oxides deposited over
graphene especially when the thickness desired is only a few atomic layers. Further,
presence of pinholes is inevitable. We deposited Aluminium in ultra high vacuum
(UHV) at a very small deposition rate of 1 Å for 8 seconds by evaporating the metal
using high energy electron beam. Slow evaporation helped in a uniform layer by
layer deposition. The deposited layer was subsequently oxidized in air to form the
final thickness of around 1 nm.

From our devices, it turned out that steps that involved annealing greatly affected
the oxide quality. The temperature and annealing environment are hence critical.
On average for such thickness and contact widths of 200 − 500nm, we obtained
Cobalt resistances of 5-30 kΩ and gold resistances of 1-10k Ω. We believe that low
resistance of gold was due to extra annealing step and underlying titanium (see
sections 4.1.4 and 4.1.5).
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4.1.4 Patterning contacts by Electron Beam Lithography
(EBL)

Making contacts of graphene FET at nanoscale involves special designs and requires
precision in order of nanometers. To achieve this, we used EBL that scans a beam
of electrons in a patterned fashion across a surface covered with a resist. To get the
design pattern, we used Raith design software. First, optical images of wafer were
superimposed and relative positions of gold markers and graphene are drawn. Dirt
and tall structures were also marked to avoid contact lines from passing over these.
Contacts were then drawn on the graphene such that these were orthogonal to the
flake length. Gold contacts (NM) that were placed at the edges were chosen to have
widths 500 nm to have low resistance while the ones near cobalt had 150-200 nm
width. Cobalt contacts (FM) were placed in the middle with varying widths (130 -
350 nm) so that these allowed different coercive magnetic fields for magnetization
reversal. Cobalt contacts were connected with orthogonal bends at the end so that
domains were broken with rest of the connection and only relative widths of contacts
that lied on top of graphene determined the switching fields. Further, these kinks
were kept separated from each other to avoid any coupled magnetostatics (see fig:
4.3). These were then connected to big gold square markers (Bonding pads) using
first narrow (1.5 µ m) and then wide (10µ m) lines. This was to allow two EBL
exposure steps that require different resolution and hence speed of writing can be
chosen accordingly. A significant overlaps between connecting lines were ensured to
account for beam drift.

Figure 4.3: Patterning designs by EBL. left: A typical EBL design of contacts over
graphene flake. Cobalt contacts (purple) end with a 90 degree bend to break domains
from the rest of the connections. Right: Optical image of PMMA resist exposed by
electron beam (first EBL step for gold contacts) and developed with MIBK.

Since we needed two kind of contacts for our measurements, two EBL steps were
needed. Before the exposure by electron beam, the substrate was covered with a
resist polymethylmethcrylate (PMMA) 950K of 2% solution using spin coater. The
resolution of the contacts written is determined by the thickness of the polymer, the
acceleration voltage and the type of the polymer used. We achieved 150 nm thickness
of PMMA by spinning the polymer at 4000RPM for a minute. The substrate was
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Device Fabrication Experiment

then baked at 1800C in the nitrogen environment to evaporate the solvent. Then the
substrate was loaded in Raith EBL exposure setup and electron beam was allowed to
fall on the patterned shapes with a typical dose of 225 µCcm−2. Covalent bonds of
the polymer were broken at the places where these were exposed. After exposure, we
dipped the sample in to a 1:3 mixture of MIBK (MethylIsoButylKetone) and IPA
(IsoPropylAlcohol) developer. As a result, the exposed area of the PMMA were
dissolved and left trenches behind. The sample was gently moved around in this
mixture to facilitate the development for about 70 seconds. For further cleaning we
put the sample in IPA for 30 seconds and blew dry with nitrogen. A typical polymer
exposed by EBL and then developed has been shown in right figure 4.3.

4.1.5 Metal deposition

After developing the resist, trenches (150 nm deep) formed over the desired pattern
on the substrate. Since Cobalt contacts (ferromagnets) oxidize in air really fast,
we used the first EBL step for NM contacts. Gold (Au) has poor adhesion with
graphene and hence titanium (Ti) was used with Au for non-magnetic contacts.
This was done in an electron-gun evaporation system (Temescal TFC2000) at a
system pressure of 10−7mbar at a rate of 1 Å/sec with zero angle evaporation. Zero
angle ensured that metals were not deposited on the walls of PMMA trenches. For
Ti/Au, we deposited thicknesses of 5/25 nm while for Co, it was 30 nm. In case
of Co, a capping layer of 1 nm thick Al2O3 was deposited to reduce its oxidation
chances. After a deposition process, we were left with our substrate covered with
metal, with some parts lying on top of left PMMA resist and others in the trenches
which in turn it formed direct contact with SiO2 or graphene.

4.1.6 Lift off and wire bonding

After metal deposition, we treated the substrate with hot acetone (50oC) to dissolve
the remaining PMMA resist. This lift off process removed the metal that lied on
top of PMMA and in the end, we were left with metals deposited over patters we
designed using EBL. It was observed that lift off was much easier for Co contacts
than that of Ti/Au and required blowing with acetone for the latter. The contacts
were observed under optical microscope to check the success of lift off and to ensure
that none of the contacts were short circuited by any loose piece of metal. In our
case, we used two different kinds of contacts so there were two lift off processes per
device. Two steps of metal deposition and lift off is shown in the figure 4.4. Two
optical contrasts suggest different metals. The lines shown here ran from graphene
to big square gold markers (bonding pads).

The final step of fabrication was to wire bond these pads to pads on a macroscopic
chip holder. For this purpose, we first glued our substrate using silver glue on a 24
pin chip holder. Wire bonding was then done using a ultrasonic wire bondet. Since
last 4 pins of such holders are always reserved for temperature sensor and heater
controllers, and 1 for backgate purpose, only 19 contacts can be supported at once.
In general, we had 2-3 graphene devices per sample and number of contacts varied
from 5-8. It is important that a nanoscale device is prevented from electrostatic
discharge shocks, and hence we always grounded ourselves while handling the wire
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bonding and measurements with the devices. Further, this step has to be quickly
followed after Co lift off to avoid its unnecessary oxidation. We then noted down
the contact numbers relative to pin numbers on chip holder so that we knew how to
access certain contacts on graphene FET. The chip holder was then loaded in the
measuring setup which had electrical contacts to its each pin and pumped to a base
pressure of ≈ 10−7 mbar. Low pressure is important to keep devices stable over time
by minimizing its interaction with air and water vapor environment in addition to
avoiding Co oxidation.

Figure 4.4: Liftoff and wire bonding of devices. Left: An optical image of a graphene
device with two kind of contacts after 2 subsequent EBL and lift off steps. Red ones are
the Au contacts, whose developed resist patterns are also shown in right figure 4.3 while
white ones are Co contacts. Right: The substrate is glued on a 24 pin chip carrier where
big gold square markers are wire bonded to respective pins.

4.2 Measuring setup

4.2.1 Lock in amplifier

We used an I-V measurement box as shown in the figure 4.5 to perform the measure-
ments. This was connected to a lock-in amplifier which in turn had a well defined
interface with computer via a Lab-view program. I-V box could independently send
currents as small as few nA and as big as mA through contacts and measure the
voltages between same or different contacts and change carrier densities of graphene
by applying a backgate. Different type of multi-probe measurements are illustrated
later in this section. The voltage however one measures after amplification has all
kinds of noise coming from the bandwidth which can completely overshadow the
small desired signals (≈ nV ).

We therefore used a low frequency lock-in amplifier (Stanford Research SR830)
which can measure phase sensitive voltages. This requires a frequency reference.
Typically an experiment is excited at a fixed frequency ω (from the lock-in itself)
and the lock-in detects the voltages from the experiment at the same reference
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frequency. Further, one can easily separate in phase and our of phase first and
higher harmonics of the voltages by choosing the reference frequency as ω or 2ω, 3ω
etc.

Figure 4.5: A Lock-in is connected to IV measurement box. It sends an ac voltage to
the IV measurement box which translates it to an AC current. This AC current is passed
through the sample and the voltage drop measured by V+ and V- is amplified by the IV
measurement box and then sent back to the lock-in amplifier. The lock-in measures both
in phase and out of phase signals of all harmonics. An interface of lock in, back gate,
magnetic field with computer lets a Lab view program to control the excitation signals.
Image adapted from [40].

The setup shown in the figure 4.5 was used to probe resistances of graphene by
sending AC currents and measuring voltages. Carrier density in graphene is tuned
using a Keithley 6517A voltage source for backgate voltage. Three different kind of
probing used are called 2 probe, 3 probe and 4 probe measurements. I− probe of
the current source is always grounded with common ground of samples and other
sources to avoid ground loops. For the safety of the sample, the sample box, which
essentially acts as a switch, is equipped with π-filters of 1k and 1nF each. These
filter out any unwanted high voltage or high frequency peaks from the environment
or any other sources which can potentially risk the samples. It is hence also essential
to ground oneself while changing the wirings in the sample box. A Helmontz coil
controlled by an electrical current was used to create magnetic field which could
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be rotated across the sample holder to create in plane or out of plane field. Low
temperature measurements were performed by placing the sample in a flow cryostat
that could be cooled by Liquid Nitrogen (77K) or Liquid Helium (4.2K) and whose
temperature could be regulated by a heater.

4.2.2 Multi probe measurements

• A 2-probe measurement is done by passing current and measuring voltage
across the same two contacts that overlay graphene. This measurement pro-
vides an early check for working/guesses of resistances of contacts and device
in general. A backgate leakage can also be tracked by exchanging the probes
I+ with I− and checking the voltages. A different measurement can indicate a
leakage. The total resistance measured in this case includes the resistances of
graphene between two contacts, contact resistances and two filter resistances
of 1KΩ each i.e R2probe = RC1 +RC2 +Rgr + 2kΩ.

• A 3-probe measurement is generally performed to measure the contact resis-
tances individually. In this case, I+ and V+ connect to the same contact
while V− is kept away from the current path formed by I+ and I−. The to-
tal resistance measured therefore includes resistance of the contact (one which
has I+ or V+) 1 kΩ filter resistance. In case, V− is placed in the current
path, total resistance also includes the resistance of graphene lying between
V+ and V−.

• A 4-probe measurement defines a case when all four probes of voltage meter
and current source are connected to different contacts of graphene. This forms
the most important part of measurements. Since this does not include the
resistances of the contacts, wires or the filter resistors, all measurements can
easily be attributed to properties of graphene. Resistances of graphene as
a function of back gate voltage (Dirac curve) were measured using 4 probe
measurements where V+ and V− are placed in the current path. A non local
measurement is also four probe measurement.

4.2.3 Different harmonics

Under direct current excitation (used in simulations) voltage detected can be given
as VDC = IR1 + I2R2 + .... However, the excitation current produced from Lock
in amplifiers is a sinusoidal wave I = I0sinωt, the voltage hence will be VAC =
(I0sinωt)R1 + (I0sinωt)

2R2 + ..., which can be rearranged as following

VAC = (I0R1)sinωt+
(I20R2)

2
− (I20R2)

2
cos2ωt+ ... (4.1)

Second harmonic signal clearly is out of phase and carries an extra minus sign
since Lock-in amplifier measures the “coefficients” of signals with frequencies ω, 2ω
etc. Further, the signals one measure using AC lock in technique are rms amplitudes.
These need to be corrected while comparing with simulated signals.
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Chapter 5

Measurements and discussion

In this chapter, measurements on the fabricated samples are summarized. All re-
sistances were first estimated by using 3 probe measurements. To separate first
order and second order signals, AC lock in technique was used. In all the mea-
surements shown in this chapter, second harmonic signals are corrected in sign and
phase (see section 4.2.3). Charge transport measurements are discussed in the first
section. Then, measurements of interactions between heat and charge (thermoelec-
tric signals) are given. Finally, measurements of spin transport and subsequently
measurements of non-linear interaction between spin and charge are shown.

5.1 Charge transport measurements

Most important charge transport measurement is the resistance of graphene versus
backgate voltage. For this, four probe measurement as shown in the inset of left
figure 5.1 was used. Current was passed between outer two contacts (I+ and I−,
latter was always grounded) while voltage was measured between inner two contact
probes (V+ and V−). Backgate was applied using a n++ Si bottom layer separated
300 nm away from graphene by SiO2 forming a parallel plate capacitor. Capacitance
(Cg) in this case is Cg/e = 7.2×1014 m−2V −1. Square resistance Rsq at Dirac voltage
in our devices varied between 3 − 4 kΩ while mobility (ν) was calculated using
the equations 2.8 and 2.9 (close to Dirac point), and varied between 2000 − 5000
cm−2V −1s−1 in the metallic regimes. Measurements at low temperature gave higher
Rsq and ν suggesting lesser scattering and background carrier density (ni). Moreover,
ν measured for holes were slightly lower than that for electrons, a finding against
the equivalence of electron and holes states around Dirac point. The asymmetry
can be best argued by doping effects in graphene discussed in next section.

Since heat and charge couple via diffusion, an important parameter to quantify
from charge measurements is Charge diffusion constant (Dc). For a degenerate
system of graphene Einstein relation that relates diffusion and mobility is given as
eDc/ν = n(ε)/(∂n/∂ε) where ∂n/∂ε is the density of states defined in equation 2.7.
Using the equations in section 2.1.2, this can be given as

Dc =
σhvF

4e2
√
πe|Vg − VD|

(5.1)

Dc depends on carrier density and hence backgate voltage and was typically found to
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Figure 5.1: Doping effect in graphene FET with tunnel barrier suggests depinned carrier
densities near Au contacts (width = 200 nm). Left: Length dependence of Dirac curves
measured on the same graphene flake with width 2.5 µm. Effects of contacts are diminished
as length increases. Right: Total graphene resistance can be thought of graphene parts
connected in series with different doping densities and carrier mobility. A fit separates
this two regions near and away from contacts.

vary around 0.02 m−2s−1 away from Dirac voltage. All these findings were consistent
with values observed in literature of graphene FET fabricated on SiO2.

5.1.1 Doping effects

The desired non linear effects to be measured depend heavily on energy dependence
of conductivity. It is hence imperative to understand origins of asymmetries in
Dirac curves. For our devices prepared with tunnel barrier, a depinned carrier
density (see section 2.1.3) under the contacts was observed. This has been shown in
figure 5.1 that shows the length dependence of Dirac curve measurements. In this
case, total graphene resistance can be thought of graphene parts connected in series
with different doping densities, Dirac points and carrier mobility. A quantitative
fit considering the latter was performed on measured Dirac curves and matches to
good extent as shown in the right figure 5.1. In general, two different contacts may
also dope differently and a fit with 3 regions is required.

Rtot =
∑
j

Aj√
(Vg − Vj)2 +Bj

(5.2)

Where Vj is the Dirac voltage while Aj ∝ 1/ν and Bj ∝ ni for region j (see equation
2.9). From the left figure 5.1, when the contacts were far away from each other,
the contribution of graphene resistance from depinned densities under contacts was
small. It was also observed that, the nature of doping induced by contacts, oxide and
impurities from fabrication changed from device to device. Moreover, for the same
device, change in Dirac voltage was observed during the course of measurements
which could be attributed to adsorption or desorption of charged impurities during
cooling-warming up of cryostat and heating due to passing of big charge currents.
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Figure 5.2: Room temperature (RT) second order non-local thermoelectric signals. Left:
Measured Seebeck voltage corresponding to Joule heating versus backgate. Change of
voltage sign happens around Dirac point of detecting circuit. Right: Calculated Seebeck
coefficient (red line) using Mott’s formula from the fit (solid black curve) of Dirac curve
(dashed gray line).

Hysteresis from charging effects in Dirac curves was also observed, though to a small
extent and was negligible at low temperature.

5.2 Thermoelectric signals

To study thermoelectricity in graphene, FETs were prepared with only non-magnetic
contacts with tunnel barriers. A temperature gradient ∆T was caused in graphene
due to passing of charge current through contacts and graphene by Joule heating
and due to Peltier heating/cooling at their junctions (section 2.3). All measurements
were performed using non-local technique and different harmonics could separated
using Lock-in techniques. Second order signals presented in graphs are corrected in
sign and phase (see section 4.2.3).

5.2.1 Second order background signals

∆T resulting from Joule heating goes proportional to square of current and hence
corresponding Seebeck Voltage can be measured in the second harmonic signal (V2)
using the lock-in (see equations 2.12 and 4.1). Assuming transparent contacts, V2 is
given as product of temperature gradient and the difference in Seebeck coefficients
of detecting NM contact and graphene i.e. V2 = (SNM − Sgr)∆T . To get the
dependence of V2 measured on carrier density, second order non-local voltage was
measured versus Vg. One typical measurement has been shown in figure 5.2 together
with calculated Seebeck coefficient from associated Dirac curve of the detecting
graphene circuit. Here the injecting current had a contact resistance ≈ 100kΩ so
heat produced by graphene was negligible and accordingly ∆T did not change versus
Vg. Signal V2 observed here hence looks similar to Sgr. Furthermore, the quadratic
change of signals versus injecting current indicate pure Joule heating. It also changes
sign near Dirac point which is consistent with earlier experimental work done about
measurement of Seebeck coefficient [2] and Mott’s formula (equation 2.10).
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Figure 5.3: RT second order non-
local Seebeck voltage measured versus
backgate voltage for a device with non-
uniform doping and low contact resis-
tance (≈ 2 kΩ), which shows com-
plex features of magnitudes and sign
changes compared to figure 5.2. Dirac
curve of the detecting graphene circuit
is also shown. We believe that the sign
complexity comes from thermoelectric
properties of tunnel barrier (see text).

For other devices with low contact resistance (comparable to graphene) and com-
plex doping profiles, measurements differed a lot. As shown in figure 5.3, the Dirac
curve reflects presence of two characteristic doped region. Some Parts of the de-
tecting circuit could then have electrons while other have holes at the same time.
Since the two types have opposite contribution, magnitude of V2 will depend of
the length of respective regions and its relative closeness to heat current injector
(since V2 ∝ ∆T , and ∆T decays away from heating source). Moreover, the com-
plex features of magnitudes in the figure hint at V2 being dependent on backgate
via variation in graphene and contact resistance (contributing to Joule heat genera-
tion) in addition to the variation in Seebeck coefficients. Although the voltage here
changes sign near respective Dirac voltages, the sign for electrons and holes itself is
not consistent with the case with figure 5.2. We believe that inconsistent voltage
signs suggest voltages resulting from thermoelectric properties of tunnel barriers
(see equation 3.2). Seebeck coefficient of detecting tunnel barrier (Scon) depends on
subtle details of density of states of two contacts present on its either sides. The
magnitude and sign of Scon hence will depend on backgate and influence the final
voltage. Again, in the case large temperature drop happens across tunnel barrier,
voltage recorded will be opposite of the case when it drops more along graphene.
Role of contact Seebeck coefficient in our measurements is still an open question.

5.2.2 First order background signals

First order voltages (V1) were measured together with V2 described in previous sec-
tion using two lock-in amplifiers connected to the same output voltage. Using the
equation 2.13, we see that Seebeck voltages resulting from temperature gradient
set up by Peltier must appear in first harmonics. The signals always scaled linear
with current and did not change signs for electrons and hole similar to simulations
done. One important observation here is the magnitude of the R1 (figure 5.4) that
are 2-3 orders of magnitude larger than simulations (figure 3.2). We do not exactly
understand this. Different devices with varied distances and geometry showed dif-
ferent signs of such voltage (figure 5.4). Presence of different signs confirm however
that signals do not strictly arise from current spreading under the injecting contact
[26, 41]. It is further observed that magnitudes of V1 were larger if V2 was large
and vice-versa. Since Peltier coefficients and Seebeck coefficients are connected by

37



Thermoelectric signals Measurements and discussion

-40 -30 -20 -10 0 10 20

0.0

5.0

10.0

15.0

20.0

 

 
R

1
 (
o
h
m

s)

Vg (V)

Device 1, L = 0.5 µm

-60 -40 -20 0 20 40 60 80

-100.0

-80.0

-60.0

-40.0

 

 

R
1
 (
o
h
m

s)

Vg (V)

Device 2, L = 1 µm

Figure 5.4: RT first order resistances measured simultaneously with V2. Left: For the
device and region corresponding to figure 5.3. Right: For the device corresponding to
figure 5.2.

Thomson relationship, this is expected.

5.2.3 Low temperature measurements

Low temperature measurements of thermoelectric signals (figure 5.5) in different de-
vices showed following major results which we do not understand yet. (1) Oscillation
like features both in V1 and V2. (2) Increase of signals especially V2 with decrease in
temperature. (3) Oscillations in V1 that could even change sign unlike the measure-
ment at RT. Considering that Sgr goes linear with T , increase in signal can not be
explained by standard heat transport that does not take equilibrium between elec-
trons and underlying lattice into account. A recent theoretical work suggests that a
ballistic injection of hot electrons (which is possible when one uses tunnel barrier)
could create such non-equilibrium transport [42]. Presence of oscillations at low
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√
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temperature may point at the ballistic thermopower [43]. A Fabry-Perot resonators
may be set up especially under the contacts because of different doping profiles that
can set up a potential well. Divari et al showed that such oscillations can be en-
hanced for greater width to length ratio [43]. For the device whose measurement is
shown in the figure, width of graphene was 2.5 µm while contact width was 200 nm.
Such a ribbon therefore would have a width to length ratio of w/L = 2500/200 > 12.
Further, under ballistic thermoelectricity approach, electronic contribution to heat
transport can override that of phonon [23].

5.3 Linear spin transport signals

Before spin coupled background voltage could be measured, it was important to
characterize the spin transport in our devices i.e. to know the polarization of tunnel
barriers P , spin relaxation time τs, spin diffusion constant Ds. Two main tools used
were spin valve and Hanle precession measurements described in section 2.4. These
signals appear in the first harmonic (and measured by Lock in technique accordingly)
and the non-linearities here were negligible and could be ignored.

5.3.1 Spin valve

For spin valve (SV) measurement, we sweep an in-plane magnetic field while a
standard non-local technique was used for injection and detection by FM contacts.
Since there were mixed contacts, V− and I− were conveniently placed on NM
contacts which were not sensitive to spin signals in the first harmonics. Because of
only two FM contacts involved in the measurement, spin valve shows two distinct
voltage steps corresponding to parallel and anti parallel orientation. Estimation
of P and λs can not be directly made from one SV measurement. Furthermore,
magnitudes of Pinj and Pdet need not be the same. There were hence distance
dependent SV measurements performed on the same device. One example of such
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measurements are shown in figure 5.6. To fit the length dependence, equation 2.23
was used. For this device with graphene width w = 1.5 µm, square resistance
Rsq = 2.5 kΩ, λs was found to be ≈ 1µm and P ≈ 7%. For other devices measured,
the values remained similar within a change of ±50%.

The magnitude of Rs also depends on the carrier density present in the graphene.
This is implicitly dependent on changes in λs and τs. To measure this, the mag-
netization of two injector-detector FM contacts were made parallel and non-local
resistance versus backgate voltage was measured. Same was then repeated for anti
parallel configuration. Rs was then calculated as the half of the difference in the
signals Rs = (Rnl,Pa − Rnl,Ap)/2. Two typical measurements have been shown in
figure 5.7. Using equation 2.23 and considering the fact that Rsq is maximum near
Dirac point, minimum Rs at this point would mean a minimum λs. The exact origin
of this behavior and hole electron asymmetry of Rs are still debatable [17, 44]. We
however point out that this behavior is consistent with an increase in of resistance
mismatch [8] when Rsq increases. For the measurements shown in figure 5.7, contact
resistances of injector and detector Co contacts Rc1,2 were 5 kΩ, 9 kΩ for device 1,
while for device 2, Rc1,2 were 10 kΩ, 3 kΩ.

5.3.2 Hanle spin precession

We performed the non-local Hanle precession measurements described in section
2.4.3 to separately estimate Ds and τs. This was done for both relative parallel
and anti parallel magnetizations of injecting and detecting FM contacts. An in-
plane magnetic field was first used to set the desired relative magnetization. We
then rotated the magnet to make it perpendicular to graphene and took precession
curves. A typical measurement is shown in left figure 5.8. The signal shows to
carry a common background in parallel and anti parallel orientations. Quadratic
background comes from magnetoresistances of graphene while the linear background
results from a possible pick up of transverse signals. To get rid of the background,
parallel precession signals are subtracted from anti-parallel case and the result is fit
with equation 2.25 to extract the parameters.

We repeated such measurements for different distances (L) between injector and
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Figure 5.8: Non local spin precession measurements. Left: A typical precession measure-
ment for parallel and anti parallel magnetizations of injecting and detecting FM carries a
common quadratic and linear background. Right: A subtracted parallel precession mea-
surements from anti parallel (to get rid of background) is fit for different distances (L)
between injection and detection at the same Vg.

detector FM. This is also shown in right figure 5.8. For larger distances, spins get
more time to precess and corresponding precession curves show more features of
damped oscillations. The parameters extracted generally showed different Ds and
τs for the same device performed for different L. This is because of the nature of
different doping and value of contact resistances that greatly affect the parameters
[31]. In particular, precession curves measured for long distance give better estima-
tion of parameters. For the fits shown in the figure 5.8, extracted parameters were
Ds = 0.0116 m2s−1, τs = 78 ps for L = 1 µm; Ds = 0.017 m2s−1, τs = 80 ps for L =
2 µm and Ds = 0.021 m2s−1, τs = 115 ps for L= 3 µm. Precession measurements
were also taken for different graphene carrier densities. In general, extracted Ds

and τs strongly varied as a function of charge carrier density especially near Dirac
voltage.

5.4 Spin coupled background voltage

To measure the spin coupled background voltage (V2 = −µavg/e), we used NM
contacts for its detection in non-local geometry (see section 3.2.4). We again used
lock-in technique to separate it since it is a second order signal. We then used
the magnetic field handle to exclude the background signals that arise solely from
thermoelectric effects. However, as described in section 2.4.2 and evident in figure
5.9, this necessitated non-invasive (high resistive) Au contacts that could not drain
spin currents. In practice, Au contacts fabricated were low resistant compared to
Co contacts. Extra Al2O3 layer of 4 Å was hence deposited under Au contacts.

5.4.1 Detection using in-plane magnetic field

As described in section 3.2.4, we first employ an in-plane magnetic field to detect and
quantify the spin coupled background voltage (V2). Two Co contacts were chosen
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as two leads of current injector while two Au contacts were chosen in non-local
geometry to measure the voltages. Co contacts were preferred to be close to each
other so that they could both influence the spin accumulation under the detecting
Au contact (see right figure 5.9a). When the magnetic field was swept in plane, two
injecting Co contacts could be in parallel or anti-parallel state. Correspondingly,
the spin accumulation in the detection circuit changed and hence the background
voltage V2 detected were different. This was measured at different carrier densities
of graphene and is shown in the figure 5.10. To confirm the real nature of the signal
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Figure 5.11: Spin valve measurements on the same device at room and 77K temperatures.
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and discard any spurious effects, first order voltages were simultaneously recorded.
Any leakage that may arise from both current spreading and back gate leakage could
lead to spin valve like features in first order signals. Absence of any switching in R1

confidently ruled out both spurious factors (see left figure 5.10).
The magnitude and sign of µavg depends mainly on two factors i.e. spin accu-

mulation ∆µ and energy derivative of the conductivity −1/σ(∂σ/∂ε) defined as α
(see equation 3.6). We first observed that the spin resistance Rs did not appreciably
change with backgate voltage (shown in figure 5.11) in metallic regimes while a dip
around Dirac voltage was observed similar to cases shown in figure 5.7. Furthermore,
a temperature dependent measurement also shown in the figure did not show major
changes in Rs with Vg. We can then attribute the major changes in magnitude and
sign of µavg to the magnitude of α.
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We use Dirac curve of the graphene in detecting circuit (for estimating α) and
spin resistance Rs (from spin valve measurements) for theoretically estimating and
comparing magnitudes of our spin coupled background voltages. As shown in left
figure 5.12, the transfer characteristics shows a non-uniform doping induced by gold
contacts. We first separate these two contributions by two Dirac curves each repre-
senting segments near the contact and far away from it. Then, we calculate individ-
ual α1 and α2 parameters from respective Dirac curves using α = 1/σ(∂σ/∂ε) and
employing voltage derivative of energy as dVg/dε = 4/hvF (

√
πe∆Vg/Cg) (where we

have used ∂σ/∂ε = ∂σ/∂Vg × ∂Vg/∂ε). If we consider a length L which is graphene
segment doped by contact on the detecting circuit (figure 5.13) and d is the distance
from injecting Co to detecting Au contact, µavg can be written as

− µavg(d) =

∫ L+d

d

α1(∆µ(x))2
dx

λ1
+

∫ ∞
L+d

α2(∆µ(x))2
dx

λ2
(5.3)

Simplifying this and using the relations λ1 = λ2 = λs and −µavg = αeff∆µ
2(d)/2,

we come with an effective α parameter

αeff = α1 + exp

(
−2L

λs

)
(α2 − α1) (5.4)

where we have assumed that Dirac curve 1 (left figure 5.12) is caused by contact dop-
ing. As an initial guess, L can be calculated using the ratio of maximum resistances
of two Dirac curves in figure 5.12. This fetches L1+L2 = 1.2 µm * 1021/(1021+2973)
≈ 300 nm. Where Li corresponds to respective doped graphene lengths from two
gold voltage detector contacts, which are separated by 1.2 µm.

Using two distinct values of spin coupled background voltage V2 for parallel
and anti-parallel configurations of injecting Cobalt contacts, we define ∆V2 as their
difference V2,Ap − V2,Pa. Dependence of ∆V2 measured versus backgate with a theo-
retical estimate is shown in right figure 5.13. This assumes constant polarizations of
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Figure 5.14: Low temperature measurements of spin-coupled background voltage V2.
Left: a non-local spin valve like measurement performed using Au contacts for different
backgate voltages. Each curve is average of 20 measurements. Right: ∆V2 as a function
of Vg along with a theoretical estimate.

two injector Co contacts P1 = P2 = 8%, a constant λs = 1 µm and uses calculated
αeff with a doped graphene length by contacts of L=150 nm. A mismatch in the fit
between theory and experiment arises because of the assumptions that Au contacts
are non-invasive, and that P and λs are constant for different Vg. For instance, spin
relaxation length estimated from hanle precession curves at Vg = 20 V was 1.2 µm
while this at Vg = -20 V was only 0.5 µm. Furthermore, P1 = P2 need not be true.
Suppression in ∆V2 between -20 V and −40 V mostly arises from the reduction
in Rs and hence λs around Dirac voltage (note that the spin coupled background
voltage decays with a decaying length of λs/2, see equation 3.6 ).

We can strongly see the effect of doping on µavg (right figure 5.13). For the
voltages > -10 V and < -55 V , graphene is strictly n-doped and p-doped respectively.
The µavg hence detected was positive and negative respectively similar to what was
predicted. However in the voltage range between -60V and -20V, parts of graphene
were hole and electron doped simultaneously. Since two regions contribute opposite
voltages to µavg and compensate each other, no clear switchings were observed in
the spin-valve measurements with NM contacts. The dependence of µavg on doping
further highlights its origin from energy dependence on conductivity. We believe
that future experiments of spin transport in graphene with low background density
due to it being suspended or supported on hexagonal boron nitride [16], can result
in large values of such signals.

Low temperature measurements

We also performed measurements of spin-coupled background voltage at low tem-
perature (77K). In general, polarization of the FM contacts increased by 20-50%
and so did Rs (figure 5.11). Bigger coercive fields were required to switch back to
parallel from antiparallel magnetisations and vice versa. Measurements of µavg using
in-plane magnetic field at different backgates were also performed similar to that
at RT. We observed that, corresponding to larger ∆µ at 77K (right figure 5.11),
the µavg signals also increased. Measurements of ∆V2 together with a theoretical
estimate, similar to that at RT, is shown in the figure 5.14.
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Figure 5.15: Detection of spin precession using NM at RT. Left: Precession curves
at different backgate voltages carry linear and quadratic background voltages. Right:
Precession curves after subtraction of linear background from respective curves.

5.4.2 Detection using perpendicular magnetic field

As described in section 3.2.4 and shown in right figure 5.9b, we also employ an out
of plane magnetic field (B⊥) to detect and quantify the spin coupled background
voltage (V2). In contrast to the last section, only one Co contact was needed for
current injection while two Au contacts were chosen in non-local geometry as the
voltage detectors. In all the samples measured, we found difficulty in separating the
desired signal, which were on the order of ≈ 100 nV , from other spurious/larger
backgrounds. The main reasons for the latter are as following

1. Magnetization of injector ferromagnet can bend out of the plane with applied
field, this can give rise to a quadratic background in precession measurements.

2. Presence of holes and electrons simultaneously in graphene’s electron trans-
port gives rise to magnetoresistance. This will further add to thermoelectric
quadratic background.

3. A linear background can arise if the detecting circuit can pickup transverse
thermoelectric Nernst signals.

Since the signals we expect are even functions, linear background can always be
subtracted from measured V2. However, the presence of quadratic backgrounds, if
much larger than or comparable to desired signals, can not be completely removed
using a fit. Further, the relative curvature up or down of thermoelectric quadratic
background will be opposite for electrons compared to holes. Its absolute signs are
not fixed since thermoelectric voltages could arise from either temperature gradients
across tunnel barrier or along graphene (see section 5.2.1). Therefore, it is not
reliable to extract a precession curve from measured V2 signals. A typical precession
measurements carried at different backgate voltages are shown in the left figure 5.15.
A corresponding linear background is then subtracted from respective curves and
result in right figure 5.15. Here, the curvatures of signals are the same as expected
for precession of spin coupled background (right figure 3.6).
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Figure 5.16: Detection of spin precession using FM at RT. Left: Second order spin
precession curves at different backgate voltages arise due to non-linearity of polarization
of injecting FM. Right: Background voltage V2 extracted by averaging precession for
parallel and anti-parallel configurations.

Since Co contacts were generally high resistant compared to Au, we also tried
to extract precession of spin background V2 using Co injector and Co detector. We
observed a second order precession curve (left figure 5.16) that arises from non-
linearity of the polarization of injecting FM i.e. if Pinj = P0 + P1I.. depends on
current, an extra voltage detected by second FM will appear in second harmonic
(see equations 2.22 and 2.23). The background was hence extracted by averaging
second order precession curves taken for parallel and anti-parallel magnetizations
of injecting and detecting FM contacts. As shown in right figure 5.16, a small
precession curve (for Vg = 0 V ) with downward curvature, around B = 0 T , seems to
ride over a big thermal quadratic background with upward curvature. This quadratic
thermal background however is opposite in curvature relative to figure 5.15. This is
again unreliable since small peak at B = 0 T could just be an artifact from averaging
parallel and anti-parallel second order spin precession curves.
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Chapter 6

Conclusions

6.1 Summary

We have studied non-linear interactions between spin and charge currents in graphene.
We showed that a gradient of spin accumulation (∆µ) creates a longitudinal charge
voltage similar to thermoelectricity where a temperature gradient leads to charge
voltage. We established that the origin of this effect comes from the dependence
of the electrical conductivity on energy via ∂σ/∂ε. Unlike thermoelectric voltages
which can be linear in temperature gradient (∆T ), this spin coupled background
voltages are strictly non-linear and to lowest order depend on (∆µ)2.

We successfully fabricated graphene FET with both magnetic (Cobalt) and non-
magnetic (Gold) contacts having tunnel barriers to measure the spin-coupled back-
ground voltages. We employed a lock-in technique to separate different harmonics of
the measured voltages. In linear regime, we characterized our devices and extracted
two important parameters required to predict magnitudes of the second order spin-
coupled background voltages. Firstly, we measured the spin accumulation properties
using standard non-local spin valve and spin precession measurements. Secondly,
we measured transfer characteristics (Dirac curves) of our FETs to get the energy
dependence of conductivity.

We measured this spin-coupled background voltage in the non-local geometry even
with the help of non-magnetic Au contacts for detection. For this, we first used two
Co contacts for current injection and swept an in-plane magnetic field. We observed
that, as predicted, magnitudes of this voltage corresponding to parallel and anti-
parallel magnetizations of injector contacts were different. Similar to our theoretical
prediction, we also observed a change in sign of this voltage for electrons and holes.
Assuming simple models and parameters, the shape and magnitude of dependence of
experimental ∆V2 on backgate voltage matched reasonably with theory. We further
saw that such signals greatly depended on the doping effects in graphene which in
turn affect the spatial homogeneity of the energy dependence of the conductivity.

We also used out of plane magnetic field to measure spin precession of such spin-
coupled background using non-magnetic contacts. We observed clear linear and
quadratic background voltages (beside the desired effect) which possibly came from
perpendicular magnetic field dependence of thermoelectric voltages. We therefore
also studied thermoelectric effects in our FET with only non-magnetic contacts.
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Outlook Conclusions

Using the lock-in technique, we were able to separate and measure two sources of
heating in the devices coming from Joule (second order background) and Peltier
heating (first order background) by Seebeck detection. We observed that the sign
and magnitude of Seebeck voltages depended not only on the thermoelectric proper-
ties of graphene but also on that of tunnel barriers. Measured first order background
was found to be much larger than the simulations of Seebeck voltages from Peltier
heating or cooling. Different signs of this background for different devices confirmed
that it does not strictly arise from current spreading under the injector. Further
work in this respect is still needed for a complete understanding.

Our experimental work provides us a method to measure spin signals using just
non-magnetic contacts. This also gives us information about the doping profiles,
especially its relative longitudinal distributions around the contacts. In particular,
such an effect can characterize the properties of materials similar to spin Hall effect,
but without need of an external magnetic field. Furthermore, we also predicted
that this non-linear interaction between spin and charge can be exploited in spin
manipulation using a charge current. In bipolar p-n junction devices, we can also
use this to achieve a spin amplification or attenuation. More importantly, we argue
that the generality of this spin-charge interaction is analogous to thermoelectricity
and should be measurable in other semiconductor systems such as Si, GaAs etc.

6.2 Outlook

This work presents a foundation for studying non-linear spin-charge interactions
in electrical devices. For a future work, we can experimentally manipulate spin
accumulation (∆µ) using a charge current, interestingly to have the magnitude of
the ∆µ at a location away from the spin injector even more than that under the
latter. Furthermore, experimental works on spin amplification in a graphene p-n
junction can also be carried out.

Concerning thermoelectricity, our work presents many open questions and invites
further non-local studies on graphene FET. Some of them are (1) to study the
behavior of thermoelectric effects at low temperature if electronic contribution to
the heat transport overrides that of phonon. (2) To understand the role of doped
graphene under contacts if electrons can indeed dominate heat conduction. (3) To
study the thermoelectric effects in the case hot electrons are injected into graphene.
We believe that such studies should help to acquire a comprehensive understanding
of background signals we measured. More importantly, such non-local studies will
unravel subtleties of doping, contact potential and geometry on non-equilibrium
transport in graphene which are generally overshadowed by charge currents.
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Appendix A

Matlab code

First divide the graphene into N parts. This will give rise to N+1 boundaries.
Two at the edges and N-1 in the middle. For each region, write the solutions
for spin current Js and spin accumulation ∆µ (equations 2.20 and 2.18) . Each
part therefore has two unknown coefficients to be determined. Now two solutions
must be continuous in the system. These can be first written for parts in the
middle (2*(N-1) = 2N-2 equations). For the parts at 2 edges, Js is set to zero
giving two more simultaneous equations. All together there results in 2N equations
containing 2N unknown coefficients. This set of simultaneous equations are arranged
in Matrix form and solved by Matrix inversion i.e if Xij is the 2N x 2N matrix with
corresponding numerical coefficients of unknown Ki and Yi are the 2N constants of
equations, KX = Y,K = X−1Y . A magnetic contact placed over graphene region i
sources s spin current Js = PI in that specific region only. Signs for current going
into graphene from contacts and out of graphene into contacts are taken opposite.
Finite resistances are considered spin current drainers. The drained Js in this region
is given by equation 2.21. Following steps are now followed.

1. Js and ∆µ are constructed for each region and solved assuming βgr = 0.

2. Solutions are then formed with solved coefficients.

3. Using calculated ∆µ, βgr[i1→N ] for each graphene part is calculated.

4. Using calculated β and new unknown coefficients, new Js and ∆µ are con-
structed.

5. Step 2 to 4 are repeated till a good convergence up to small error is achieved.

Following values were assumed for the simulations done for spin-charge interaction
in chapter 3.

Polarization (P ) = 20% Spin relaxation length (λs) = 2 µm

Contact resistances (RC) =∞ Graphene Square resistance (Rsq) = 1 kΩ

Carrier density (n = p) = 2× 1016 m−2 Graphene’s width (w) = 1 µm

Mobility (ν) = 0.4 m2 V −1 s−1 α = 7.3× 1019 J−1
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Appendix B

Fabrication Recipes

Graphene deposition and characterization

• Use the substrate Si/SiO2 wafer with oxide thickness of 300 nm (or 500 nm).
Pattern Gold markers and bonding pads using optical lithography and subse-
quent metal deposition (3 nm Ti and 30 nm Au).

• Clean the wafer with acetone and Isopropyl alcohol (IPA) to remove overlying
junk.

• Cleave graphite flakes using a scotch tape and repeat the cleavage of the tape
using another low glue tape till few layers remain on top.

• Stick and press the tape on the substrate and repeat to cover entire substrate.

• Look under optical microscope (Olympus, 100x) to locate and select desired
single layer flakes.

• Characterize the thickness using AFM. Use high deflection set point voltage to
measure in the repulsive regime and not get influenced by presence of water.

• For easy handling, cut the substrate using Diamond point cutter to separate
the small piece, to be used for further sample fabrication.

• Clean the wafer with acetone and IPA to remove junks caused in the last step.

Contact design

• Evaporate 8 Å of pure Aluminum on the entire substrate with a slow rate of
1 Å/sec using the e-beam evaporator and using manual shutter control when
the evaporation rate seems steady. Let it oxidize to get a layer of Al2O3 with
thickness 10 Å.

• Spin 950k (4%) at 4000 RPM for 60 seconds on the top of the substrate
(thickness 150nm).

• Bake it in Nitrogen environment at 180oC (90 seconds) to evaporate the sol-
vent.
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Fabrication Recipes

• check under optical microscope for uniformity of the resist and any extra flying
junks.

• Pattern contacts using EBL design software taking into account junks on the
wafer. Lines must be 0.5 µm apart from each other.

• Perform EBL only exposing areas patterned for gold contacts with acceleration
voltage of 10 KV and dose factors of 225 µC/cm2.

• Develop the resist in the 1:3 mixture of MIBK:IPA for 70 seconds, clean with
IPA and blow dry with Nitrogen gas.

• Deposit Ti/Au (5 nm/25 nm) by e-beam evaporating it at normal angle on
the substrate.

• Lift off the resist using hot acetone (50oC). Check under microscope if it hap-
pened without shorting any contacts.

• Perform EBL now for Cobalt contacts and develop the resist in the same way.
(This time using 120oC for baking PMMA for 2 minutes) Deposit Co (30 nm)
by e-beam evaporation and cap it with Al2O3. Lift off again and blow dry
with Nitrogen.

Wire bonding and sample loading

• Glue the sample on a 24 pin chip carrier using silver paste glue.

• Wire bond the contacts and back gate using an ultrasone wire bonder to the
pins. Keep the last 4 pins reserved for heater and thermocouple.

• Load the chip carrier in the sample holder of electrical measurements and
pump the latter to a pressure below 10−6 mbar.

• The device is ready to be measured.
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