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Abstract

Graphene has always been a fascinating material because of its extraordinary properties.
These properties can be seen vividly when graphene is suspended. A new multilayer
graphene system has been reported as turbostratic graphene, where every layer is decoupled
from the other layer. Raman spectra of this system show similar spectra as that of suspended
graphene. Graphene produces a pseudo magnetic field in the presence of strain, which re-
constructs the band structure into pseudo-Landau levels. However, It is challenging to con-
struct a particular strain texture that can produce a pseudo magnetic field over a wide area in
an experimental setting. This sample provides a possible pathway to study strain-induced
pseudo magnetic fields in suspended graphene in a much more flexible way. In this thesis, I
have attempted to investigate properties of turbostratic graphene using Scanning Tunneling
Microscopy as well as spectroscopy. A direct measure of the angle between the layers is
done using Moire patterns formed as a result of multiple overlaying graphene sheets from
scanning tunneling microscopy and a python simulation. We measure the strain-induced
pseudo magnetic via the pseudo-Landau levels spectra found by scanning tunneling spec-
troscopy. We also try to explore the delocalization of the pseudo magnetic field in the areas
near the wrinkle. We have attempted to present turbostratic graphene as a new pathway to

strain-induced engineering through this study.






Chapter 1

Introduction

The extraordinary optical, mechanical and electronic properties of graphene has always
drawn the interest of condensed matter community. These properties of a graphene system,
on the other hand, can be easily tuned and observed when the graphene is suspended or
free of any substrate effectfMDP*15]. The existence of a non-uniform strain in graphene
impacts the two sub-lattices of bipartite graphene differently and moves the Dirac cones
in opposite directions, resulting in pseudo magnetic fields (PMF ;).The reconstruction of
band structure into Pseudo Landau levels is possible thanks to these PMFs findings. Cre-
ating certain stresses on graphene structures, on the other hand, has always been difficult.
Creating a strain texture that can produce PMFs over a wide region is extremely difficult at
the experimental level.[JMD117]

Recently, a new type of multilayer graphene has been reported as turbostratically single
layer graphene prepared by Professor G.U.Kulkarni’s group[MDP*15]. In this system ev-
ery layer of graphene is turbostratically decoupled from the other layer solving the problem
of substrate influence free graphene. Along with suspended graphene layer, the system
also have mechanical strains making it a perfect candidate to study delocalized strain in-
duced PMFg.(More detail about the sample is given in Chapter3). In this thesis, I have
used Scanning Tunnneling Microscope(STM) to investigate the the generation of Pseudo
Landau levels at regions of wrinkle on the sample along with the topographical analysis of
the sample. I utilized topographical data to extract information about Moire pattern as well
as wrinkles and found that the surface topography is a contribution of three consecutive lay-
ers. I also utilized Moire pattern to figure out the approximate angle between the graphene

layers.The spectroscopic analysis resulted in Landau level peaks in density of states(DOS)
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vs. V which is very similar to other experimental results presented in literature and these

peaks correspond to a PMF; of 3 Tesla.

1.1 Scanning Tunneling Microscopy

The first scanning tunneling microscope was invented by Binning and Rohrer in the year
1982. Scanning tunneling microscopy is a technique that uses vacuum quantum tunneling
to facilitate surface studies at a nanometer level. It contains an atomically sharp conducting
tip for scanning and a flat conducting sample. A voltage V is applied between the tip and
the sample. As a result, electrons “tunnel” or jump from the tip to the flat surface(vice-
versa, depending on the bias given to the sample). This tunneling gives rise to a current
(also known as tunneling current) that can be measured as a function of position(X,Y) and

applied bias.[Hof03] A schematic of the STM tip and sample is shown in figurel.l.

ff--ﬁ"
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Figure 1.1: schematic of tip and sample with a bias V applied between them.

1.1.1 Tunneling current

The tunneling current can be estimated by using time-dependent perturbation theory. If the
sample is given negative bias then the Fermi level of the electrons in the sample will shift

up with respect to the tip electrons. This is illustrated in figurel.2.
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Figure 1.2: Green arrow depicts the tunneling of electrons as a result of negative bias given
to the sample. The density of states is along X-axis, and energy is along Y-axis. All the

states below the Fermi level(sample and tip) are filled.

As a result of this shift in the Fermi surface, the electrons from the sample will tunnel
towards the tip. The current generated from the tunneling of electrons for the state having

energy e is:

Is 1= =22 0P(ps(0) - £(0) - (orle+ VI = fle+eV)) (LD

Where |a|? is the tunneling matrix element, (ps(¢)- f(¢)) are filled sample states for tunnel-
ing from sample to tip, (pr(e+€eV)[1 — f(e+¢eV)]) are empty tip states for tunneling to tip,
27? is given by time dependent perturbation theory, -e is the electronic charge, 2 factor is a
result of spin consideration, pr (s corresponding to the density of states of the tip(sample)
and (e) is the Fermi distribution.[Hof03] Although the majority of tunneling current will
be from sample to tip(considering negative bias), there will be a contribution from tip to

sample tunneling current.

Is 1= =220 (pr(e + V) - e+ V) - (@~ F@) (12

Summing both equations 1.1 and 1.2 and integrating overall energies(¢), we get the total

tunneling current from sample to tip:

dme [

Is =r=— delal*ps(e)-pr(e+eV) | f(e)[1—f(e+eV)]—f(e)+eV)-[1—f(e)]
—€F(Tip)
(1.3)



After simplifying the expression, the range under which tunneling current is integrated is
from —eV < e < O(for negative bias). Therefore the total tunneling current in the range

eV < e < 0is given by:

4re [°
Ig —p= — de]a\ng(e) -pr(e+eV) (1.4)
—eV

The material of a tunneling tip is preferred in such a way that it has a flat density of states
under the range of Fermi surface of the sample under study. In this thesis, all the mea-
surements were taken with a tungsten tip, prepared by electrochemical etching(discussed in
chapter 2). The tunneling current expression gets even more simplified by choosing such

kind of tip.

Adme 0
I = ?pT(O)/ de|a)?ps(e) (1.5)
—eV)

The above expression can be further simplified by involving Bardeen’s assumptions. Bardeen
proved that 1)the density of states of both sample and tip are independent, 2) the eigenfunc-
tions of both sample and tip falls off exponentially in the vacuum, 3) the overlap between
the wavefunction of tip and sample is insignificant, as a result, the matrix element does not

change. So, |a/| can be taken out of the integral.

4me 0
I= ?pT(O)|a|2 deps(€) (1.6)
—eV)

To get the tunneling probability which is nothing but ||, we use WKB approximation by
assuming vacuum gap as a square well with a tilt of the order of few hundred millivolts.
The tilt is the result of applied bias, while the remaining height of the barrier corresponds

to the sample’s work function. This is shown in the figurel.3 below.

HITHHEE |

-1

Figure 1.3: Schematic of potential profile showing work function(¢) and applied bias(V)

As aresult of WKB approximation and assumption that ¢ >> el we get,
laf? = e~ 27 (1.7)
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where

v = [ hy/2td

m = mass of electron

h = tip-sample separation
¢ = height of the barrier

This implies that

V2mé
e_QhTm

I (1.8)

Furthermore, the above expression can be deduced that with the change in the tip-sample
separation(h) there will be a change in the tunneling current and higher work function ¢
results higher resolution.

At last, the tunneling current in its most simplified form can be written as:

4re

0

V2mao

I~ FPT(O)(&_% G ¢/ ps(€)de (1.9)
—eV

1.1.2 Topography through STM

One of the most common yet powerful measurements performed worldwide by using STM
is the surface topography. The tip is moved in the raster format over the sample surface at
a fixed bias voltage —V.;. 1) A feedback loop is turned on that controls the Z-piezo(more
detail is given in chapter 2) movement or voltage to the z-piezo to keep the set current /g
constant. This voltage change in the Z-piezo supply helps effectively map the height of
the sample(topography). 2) The other way to map the sample surface is by constant height
mode. In this mode, the tip’s height is kept constant, and the change in the tunneling current
is measured as the tip moves in the raster format. Then this change in current is mapped
to get the topography. Note that the tunneling current that we receive while performing
topography measurements is from the electrons below Fermi level energy and above the
-eV energy. And we cannot increase the bias voltage to a substantial value to get a better

image because then our tunneling approximation will break down.
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Figure 1.4: Constant current mode and constant height mode in STM.

1.1.3 Spectroscopy through STM

To understand the concept of spectroscopy, one has to first understand density of states.

From equation 1.9 it is clear that the current that is measured is proportional to the integral
of density of states over the range —el/ < e < 0. In other words, as we measure the
tunneling current, we also measure the integrated density of full states below the Fermi
level(for negative bias). But we are interested in knowing only the density of states to map
out the whole density of states curve. One way to do it is by simply taking the numerical
derivative of integrated density of states vs V curve. But this method is not efficient as it

generates a lot of noise in the data. This is shown in figurel.5.
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Figure 1.5: (a) Graph between tunneling current and applied bias. (b) Numerical derivative

of graph (a) with a lot of noise.

To overcome from this problem, the bias voltage is modulated by a small AC voltage
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dV(few millivolts) with the help of a lock-in amplifier. A small change dV generates a

small change dI at the same frequency. This ratio j—é is known as conductance (V).

o(V) = % x DOS(eV) (1.10)

So, with the help of a lock-in amplifier and varying bias voltage, we can span the whole

density of states curve.
Now, to generate the DOS vs. energy curve(spectroscopy) at a point, the tip is set at a fixed
height(mostly lower than the height when doing topographic analysis). The bias is swiped

over a set range along with the modulated signal dV to generate a plot of DOS vs. energy.

This is shown below in figurel.6.
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Figure 1.6: Plot between density of states(j—é) vs energy(V) from STM.

One can also generate a conductance map by moving the tip at the same bias with some

modulation over the whole space. In any of the DOS measurements, the feedback loop is

turned off(except when doing spectroscopy along a line).






Chapter 2

Instruments and technical details

2.1 Vacuum and cryogenics

To probe subatomic features and for clean topography through STM, one must take the
system to ultrahigh vacuum and ultra-low temperature. At 10~ torr, which is eight or-
ders of magnitude lower than the atmospheric pressure, we see about one monolayer of
dust(unwanted molecules/ atoms) getting deposited per second. And this rate decreases as
we go down to lower pressures. It is necessary to take the systems to an ultra-high vac-
uum state to get a clean topography. Similarly, to probe features like superconducting gap
and landau levels, one must take care of thermal noise or Johnson noise. Johnson noise
decreases by a factor of 4/ 300:;’(% = 10v/10 when the system reaches a 300 milliKelvin
temperature.

In this thesis all the measurements were taken utilizing a UHV (ultra high vacuum) Helium3
based cryogenic system(down to 300 milliKelvins) integrated with 11 Tesla superconduct-
ing magnet built by UNISUKO(model 1300) equipped with JANIS- He3 cryostat.

a) Vacuum system and sample transfer procedure: The whole system consists of three
main chambers along with the STM chamber. All these chambers are illustrated in the

figure2.1 given below.



Figure 2.1: (a) Load lock chamber, (b) Preparation Chamber, (c) Exchange Chamber

All the chambers are seperated by a VAT valve and are maintained at UHV(10~?—10~'"mbars)
with the help of an ion pump, except the load lock chamber.

The load lock chamber(LLC) is the first stage to transfer a new sample and tip. LLC is
small in size, and it is connected by an Edward nEXT-300 Turbomolecular pump(TMP)
separated by a pneumatic valve. After transferring the sample or tip inside the LLC it is
pumped down to 10~% — 10~ “mbar, and then the VAT valve between the LLC and prepara-
tion chamber(PC) is opened to transfer the sample and/or tip to PC. After transferring the
sample, the VAT valve is closed. In PC, one can clean the sample by different methods like

Argon bombarding and by heating the silicon chip over which the sample is placed. The tip

10



is cleaned by bombarding an electron beam over it.

Figure 2.2: Tip cleaning system inside PC

After preparing the tip/sample it is transferred to the exchange chamber(EC) maintained at
107% — 10~® using a magnetic manipulator. In EC, it is possible to cleave the sample at low
temperature(77 kelvin), which is another way of cleaning the sample.

At last, the sample and/or tip is transferred in the STM chamber(10~!0mbar) using a long
magnetic manipulator.

b) STM at 300mK

A brief description of the components of crystat and their working to take the system to 300

milliKelvin is given below:

 Vacuum jacket: It is a vacuum space(holding pressure 10~ 'mbar) that separates the
cryostat’s outer region from the inner region. It simply isolates the inner cryostat

from outer surroundings, thus minimizing the boil-off of liquid helium4.

* Inner vacuum chamber(IVC): It is a chamber that holds the Inset. An Inset consists
of a charcoal pump, 1K pot, helium3 pot, and the STM sample stage. An ion pump

continuously pumps IVC to maintain a pressure of 10~ — 1071% mbars.

* Helium chamber: It is a chamber where liquid helium4 gets filled. A long narrow
capillary passes through this chamber and enters into the 1K pot. A needle valve

controls the flow of the capillary.

* 1K pot: It is a small chamber inside an IVC. This small chamber is continuously

pumped to create a pressure difference. This pressure difference forces helium4 to
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raise through the capillary. By the process of evaporative cooling, 1K pot reaches

from 4kelvin to 1kelvin.

* Charcoal pump: It is a pump that helps in condensing helium3 in Helium3 pot. As
the system is cooled to 1Kelvin, the charcoal pump also becomes cold. Cold char-
coal pump absorbs the gaseous helium3 from the helium3 cylinder attached outside
the cryostat. To condense helium3 into the helium pot charcoal pump is heated.
Consequently, the charcoal pump releases helium3, and this helium3 passes through
a capillary and enters the helium pot. After condensation of helium3, the charcoal
pump is again allowed to cool, and as a result, it starts absorbing helium3 from the
helium3 pot. Thus, by the process of evaporative cooling helium3 pot reaches a tem-

perature of 300mK.

* STM sample stage: It is the region where the sample is placed. The sample stage is in
thermal contact with the helium3 pot as well as with 1K pot. This contact is manually
controlled with the help of a heat switch when helium3 reaches 300 mK, the sample

stage also reaches 300mK.

2.2 Data acquisition for topography and spectroscopy

It is essential to take care of different noises from your data to get clean and noise-free
measurements. In this thesis, all the measurements were taken using the R9 controller from
RHK technology interfaced with STM. R9 suppresses the electrical noise to a reasonable
extent. R9 consists of four lock-in amplifiers (0-100kHz), several voltage sources(-10V to
10V), high/low pass filter, two PLLs, twenty DACs, four digital oscillators, and spectrum
analyzers[DAS19]. RO is controlled by the Icon-based program language(IHDL). In this
section, I have tried to explain the basic electronics and working of different instruments
to acquire topographic and spectroscopic data from STM without going into the in-depth
details.

a) Piezo scanner: Piezoelectrics are materials that respond to electrical signals by convert-
ing electrical energy to mechanical energy. They expand/contract accordingly to the applied
bias. The piezo scanner in STM consists of two parts. (i) Scanner for fine movement in
X and Y direction and (ii) walker for course movement in the Z direction. The initial dis-

tance between the sample and tip is approximately Imm. It is a considerable distance for a
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scanner piezo to cover. It will take at least 24 hours for a scanner to reach up to a distance
of a few Angstrom(the scanning regime). To get away with that problem, a Z-piezo walker
is attached to the tip system. This Z-piezo allows the tip to move towards the sample in
lesser time(4-5 hours). It is kept in mind that the set current value is not too high when the
tip is under course approach mode. Otherwise, there are chances of tip to crash. The tip is
generally approached with the help of a course approach mode up to a limit of tunneling
current=~1.9nA. To move the tip further, the scanner is used. It works under the name of the
USM approach in R9 software. The whole mechanics for piezo is controlled by PMC-100
controller interfaced with R9 controller[ DAS19].

b) Topography: R9 gives a certain bias to the sample. This bias is preamplified using a
preamplifier(R9 IVP preamp) and filtered by a high voltage filter(530kHz) to remove high-
frequency noise from the input signal. An output tunneling current is measured using a
Femto DLPCA-200 current amplifier(gain from 103t010'! V/A) which converts the output
current to voltage and amplifies it. Given below is the schematic(figure) of the basic circuit

of STM for topography and spectroscopy.

LPF Sample [ Femto-DLPCA-200
VD A o
Fraamp $ Y

A

&

Z-Piezo

RB

cantraller FRCT00

- Computer

Figure 2.3: Schematic of STM with basic electronic components
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c)Spectroscopy: As mentioned earlier in chapter 1 that a small change dV generates a small
change dI, and density of states(j—é) vs. V(energy) can be plotted. But it is not as simple as
it looks. During the topographic measurement, the sample and the tip are biased by specific
voltage. There is no capacitive current involvement as the bias that we are giving is a DC
bias, and the current that is measured is purely tunneling current. On the other hand, In the
case of % measurement, the sample is biased with a DC voltage modulated with an AC

voltage given by a lock-in amplifier.

dI
I(V = Vpe + Vaccos(wt)) = I[(Vpe) + WVAccos(wt) [byT aylorexpansion]| (2.1)

Now, the critical point to note is that while performing the % measurements, the capacitive
current comes into the picture(since the bias is modulated). But we want to remove this
capacitive current and get a pure tunneling current. To solve this problem, the phase rota-
tion of the modulating signal is performed. With the help of the phase offset function in R9
software, the lock-in amplifier is allowed to automatically remove the artifacts in the tun-
neling current caused due to the capacitive coupling of the tip and sample.The bias voltage
modulation is turned on, and the phase offset of the lock-in is rotated from 0° to 360°. This
data is plotted in real-time. Selecting the peak value from the above graph and selecting
the offset button to set it to —90° will ultimately remove the capacitive contribution in the

current.

1] e : v i)

Figure 2.4: (a) Pre amplifier, (b) DLPCA-200, (c) Low pass filter, (d) voltage divider, (e)
R9 controller and PMC100,
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2.3 STM Tip

STM tip plays a crucial role in getting an atomic resolution image. It is necessary to have
an atomically sharp tip. In this thesis, all the measurements were taken by a tungsten tip
prepared by electrochemical etching. Tungsten(W) has a flat density of states near the
Fermi- level, and that makes it a suitable material for STM tip.

To prepare a tip by electrochemical etching first, a wire of diameter 0.5mm and length 0.8-
1.2cm is cut, then this wire is scratched with P8000 grade sandpaper to remove the oxide
layers roughly. This scratched tip is cleaned with ethanol, and then it is fixed at the tip
holder(one of the electrodes). A 1.2N KOH solution is prepared. For the other electrode, a
ring-shaped platinum wire is used. Both the electrodes are dipped in the KOH solution, and
a bias of about 10V is supplied. To control the etching automatically, a current feedback
loop with a circuit breaker is utilized. Once the current reaches a set value, the etching
stops. As soon as the etching stops, a buzzer starts beeping. The tip is immediately taken
out of the tip holder and dipped first into distilled water for thirty seconds, then into ethanol
for another thirty seconds. This process is done to prevent any oxidation on the newly
formed tip. Finally, the apex of the tip is examined under an optical microscope. It is then
transferred to the PC chamber via LLC where it is treated by an electron beam to remove

any oxide layer and modify the tip apex.

(b)

(d)

Figure 2.5: (a) Setup for electrochemical etching, (b) Image of prepared tip in optical mi-

croscope, (c) Tip holder, (d) Sample holder
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Chapter 3

STM studies on Turbostratically single

layer graphene

3.1 Graphene

Monolayer

Graphene is 2D material composed of sp? hybridized carbon atoms arranged in a honey-

comb lattice possessing some extraordinary physical, optical and electronic properties.[CNGP*09,
Gei07] The electronic configuration of carbon atom is 15%2s'2p; 2p, 2P} with four unpaired
electrons in separate orbitals resembling the tetravalent carbon atoms. It is the mixing of

2s and 2p atomic orbitals that results in three inplane hybridized orbitals as shown in fig-

ure(1.7).

Figure 3.1: Three in-plane hybridized orbitals

These orbitals are at 120° with each other and are the reason for hexagonal(honeycomb)
lattice structure.[Dat20] The unit cell of graphene consists of two lattice sites, also known

as a bipartite lattice, of two triangular sub-lattices.
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Figure 3.2: Honeycomb lattice of graphene with two lattice sites A and B[CNGP*09]

Many of the interesting properties of graphene can be understood with the help of energy
dispersion relation. Considering the tight binding hamiltonian,

H=—a Y (pjam+qn) (3.1

<l,m>
Where 1, m represents the sites in sublattices A and B respectively, the p; (p;) represents the
fermionic creation(annihilation) operators that creates(annihilates) the electron at position
ri(site A), and similarly ¢, and ¢, at site B. The above hamiltonian can be rewritten by

utilizing our nearest neighbour assumption as,
H=>" (0itivs + ¢ +sp1) (3.2)

€A 0

where 0 can take values

51= %(1’\/§)
02=§(1-V/3)
05=-2(1,0)

with "a’ being the lattice constant. Here ¢/, s will create an electron at position 7;4-5 on site

B. Now using

pi = —= Y explik - P)p; (3.3)
and writing in the similar fashion for all other fermionic operator in the hamiltonian we get,

— -

H=—a) (exp(~ik - §)pygs + exp(ik - §)prg;) (3.4)
46,k

As we can see the above hamiltonian can be written in matrix form as,

* *

(pk dk

) 0 —af(k) Pk (3.5)

—Oéf*(k?) 0 qk
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Let us define a matrix S(k) and ® as

sw=| 0 "YW g e (™ (3.6)

—af*(k) 0 e

Therefore,the Hamiltonian can be written as
H=> oS(k)® (3.7)
k

But we are in interested in knowing the eigen values of the matrix S(K) which will give us

the dispersion relation and information about bands. The eigenvalues of S(k) matrix are,

ex = 2/ (k) f (k) (3.8)

This expression can be further simplified by puttingd;, d, and 3 in f(k)as,

F(k) = exp(ik - 6,) + exp(ik - 63) + exp(ik - d3) (3.9)
f(k) = exp(—kza)[l + 2003(\/7§kya)exp(3ik;xg)] (3.10)

At last we get the dispersion relation as shown in equation 3.11.

€y = :I:a\/l + 40032(§kya) + 4cos(gkma)cos(§kya) (3.11)

Figure 3.3 shows the 3D plot of the dispersion relation shown in equation(3.11).

Figure 3.3: Dispersion relation of graphene
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It is visible in the plot that there are two bands and degenerate at some points. These
are K and K’ points. Around these points, the energy dispersion is characterized by two

cones(Dirac cones), and the relationship becomes linear.

e<(7) = vp|j| (3.12)

with low energy effective Dirac Hamiltonian as

~

H(p) = Vro - p (3.13)

where Vp = &’Ta o is the Pauli matrices and p is the momentum. One can easily prove
the linear dispersion by perturbing the dispersion relation given in equation(3.11) around
the K=k-j point. It is because of this linear dispersion that graphene became an interesting
material to study. In the vicinity of these K and K’ valleys, the electrons act as massless
fermions moving with Fermi velocity.

Bilayer

Figure 3.4: Schematic of bilayer graphene[MK13]

The unit cell of bilayer graphene has four atomic sites labelled j= Al, B1, A2, B2. The

slanezewski Weiss-Mclure(SWM) model is used to modify the above matrix S(k):

€A1 Yo f (k)  yaf(k)  3f (k)
H, = Y f*(k)  em ol Yaf (k) (3.14)
Yaf*(k) M €A2 —Yof (k)

= f(k)  yaf (k) —vaf*(k)  en2
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where, v, = (¢pa1| H |B1) =- (¢a2| H |Ba)

1 = (Paz| H [¢B1)

Y3 = — (Pa1] H [¢B2)

Y3 = — (Pa1| H [Pa2)

e, = — (¢;| H |¢;) ;i=Al, A2, B1, B2

The upper left and lower right square 2 X2 blocks of H; are simple monolayer generation
terms[MK13]. Sites B1 and A2 are classified as vertical coupling dimer sites (straight cou-
pling). The gamma, parameter represents the pairing between pairs of orbitals on dimer
sites. In-plane hopping is defined by terms that do not include f(k). Interlayer coupling
between non-dimer orbitals A1 and B2 is defined by 3, while interlayer coupling between
dimer and non-dimer orbitals Al and A2 or B1 and B2 is described by 4. Since the model
accounts for one 2p, orbital on each of the four atomic sites in the unit cell, there are four
bands: two conduction bands and two valence bands. Each pair is separated by an energy
of the order of the interlayer spacing 7, ~0.4 eV over the majority of the Brillouin region.
Near the K lines, an energy of the order of the interlayer coupling ~y; splits one conduction
band and one valence band apart from zero energy, while two bands meet at zero energy.
The ‘split’ bands result from heavy coupling (via interlayer coupling 7, ) of the orbitals on
the dimer B1 and A2 sites, while the ‘low-energy’ bands result from hopping between the
non-dimer Al and B2 sites. The Fermi level in pristine bilayer graphene is located where
the two low-energy bands meet, making this area important for studying electronic prop-
erties. Only in the vicinity of the Brillouin zone corners /K, and K _ is the tight binding
hamiltonian H, correct. Eliminating the components in the Hamiltonian related to the or-
bitals on dimer sites B1, A2 results in an efficient two-component Hamiltonian representing
the orbitals on non-dimer sites A1, B2, and hence the two bands that approach each other

at zero energy. At last the effective two band hamiltonian is given by :
Hy=ho+hy +hy+hs +hy + hap (3.15)

Massless chiral electrons are defined by the first term, hy. At low energies, it usually
governs, and the other terms in /1, can be thought of as perturbations of it. The second term
h., E incorporates ’trigonal warping,” a triangular distortion of the Fermi circle around each
K point. Terms hy and hap create a band disparity between the conduction and valence
bands, with £1 on the diagonal, while h4 and h; introduce electron-hole asymmetry into

the band configuration.[ Theoritical details about bilayer graphene can be found in [MK13]
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3.2 Landau levels and pseudo magnetic fields in graphene

systems

When a free electron is placed in a magnetic field perpendicular(Z direction) to the motion
it follows a cyclotron orbit. The corresponding hamiltonian is given by:

1
H = 5—(po + 05y +12) iPoi = pi — eA; (3.16)

Where A corresponds to a vector potential and e to the charge of charge carrier. As we can
see that the magnetic field is in Z direction so the electron’s motion in the Z direction will
remain the same as that of free particle. If we work in Landau gauge A = (-By,0,0) and use

conditions [H,p, ]=[H,p, =0, then the eigenfunction can be written as:

U(x,y, z) = exp(ik,z)exp(ik,x)x(y) (3.17)

As a result the energy levels of electrons gets quantised and these quantised energy levels

are known as Landau Levels.

By = huo(n + %) (3.18)

where n=0,1,2...and w, = an As we can see that the Landau levels are not dependent of

(kz, ky, k) so they are highly degenerate i.e for a single landau level we can have different
values of k.
Monolayer
A similar quantisation of energy levels can be seen in the case of graphene. Here the
electrons are relativistic and follow the linear dispersion relation. If an external magnetic
field is applied perpendicular to the graphene sheet then the Dirac hamiltonian shown in

equation 3.13 gets modefied to:

0 _(poac + ipoy) 0 0
—(Pow — D0 0 0
Hy, = Vi v Poy) (3.19)
0 0 0 (poac - ipoy) 0
0 0 (Pox + 1Poy) 0
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And the corresponding four component wave function:
F
K’
Y = o (3.20)

o

As a result the energy level quantisation is given by:

E, = Sgn(n)\/2ehVg|n|B (3.21)

where n=...-2,-1,0,1,2...and V = Fermi velocity. The negative values of n corresponds to
the valence band and positive to the conduction band. In this case the landau levels are not
equidistant with maximum energy gap between zero and first landau level.

Bilayer

For bilayer graphene we use the two-component chiral Hamiltonian &y shown in equation
3.15. The information about the magnetic field resides in the operator p,; = p; —eA;. As we
apply a magnetic field perpendicular to the bilayer, we can associate a vector potential A =
(0,Bx,0) using landau gauge. This preserves the transnational invariance in the y- direction.

As a result the wavefunction takes the form:

T DPyAB 1( T PyAs

.Pyy]
AB h

2 . —
)—i—zh

(3.22)

Where A\ = 4/ eiB is the magnetic length, [{; are hermite polynomial of order 1 for integer

1 lager than 0 and A; = 11 is a normalisation constant. As a result the energy level

/7

quantisation is given by:

E, = Sgn(n)hw./|n|(|n|+1) (3.23)

where w, = 51—51 andn=...,-2,-1,0,1,2. ...

PMFs as a result of mechanical strain

Experiments have shown that a distortion of the graphene lattice results in massive, nearly
uniform Pseudo magnetic fields and Pseudo Landau levels near the Dirac point. [LBM™10].
The linear dispersion relation and triangular symmetry are needed to see such an effect in
graphene; otherwise, the synthetic gauge field would not be able to generate a pseudo mag-

netic field.[Kam20].The quantity A(vector potential corresponding to the pseudo magnetic
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field) in the system can vary spatially due to inhomogeneous strain. B =V X A will produce
a pseudo magnetic field, and if A is spatially uniform, curl of A would be zero, resulting in
no pseudo magnetic field. [Kam20].
To understand it more vividly, we have to look at the effect of strain on the bond length and
the corresponding generation of the strain-induced gauge field.
In the nearest neighbor tight-binding Hamiltonian for graphene

H= Y omCCpy (3.24)

<lm>

the carbon-carbon hopping matrix element is «,= 2.7eV, but as the atoms are displaced
relative to each other due to mechanical strain, the bond length changes. As a result, we get

a spatially dependent hopping integral.
A, = (1, T )1 =17 + 1 (3.25)
where u is the displacement field.
u(,y) = [ua(z,y), uy(2, ), us(z,y)] (3.26)

The bond length which initially was a,= 0.142nm changes to d;,,, = |r; — r,,| and the corre-
sponding hopping integral «,,, is modified to

dn

Ay = aoexp’ﬁ( a0 ~1) (3.27)

9(log())
d(log(a))

Now by classical continuum mechanics the strain tensor is given by[SA02]:

where [ = ~ 3.87 ata = a,.

€lm = %(&nul + Oy, + (012)(Om2)); L, m =,y (3.28)

As a result, new bond length can also be obtained from the strain tensor:
L, 2 2
dlm = _(ao + €xzlym + €xzlYim + 2€xyxlm) (329)
Due to the strain the low energy Dirac Hamiltonian for graphene also gets modified to
H(p) = Vro(p+ €A) (3.30)

where A can be written as|[Mn07]

—FL €rx — €
A _ ﬁ vy
2ea,

(3.31)

—2€4y
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This strain induced vector potential generates the pseudo magnetic field perpendicular to

the graphene sheets.

B=V X A=0,A, - 0,A, (3.32)

The energy level quantization in a series of landau levels as mentioned earlier in the case of

graphene is given by:
E, = Sgn(n)\/2ehVg|n|B (3.33)

where n=...-2,-1,0,1,2...and Vr = Fermi velocity.

In the case of bilayer graphene the energy level quantization as mentioned earlier gets

modified to:
E,, = Sgn(n)hw/|n|(|n|+1) (3.34)
where w, = an and n=...,-2,-1,0,1,2...[?]. These landau level quantizations helps us in

verifying the experimental data by plotting a graph between E,, vs n(as shown in the next
section). Given below are some of the experimental results on strained graphene systems

showing generation of pseudo Landau levels as a result of pseudo magnetic field.

Hano Lett 2017 Matwrn Hanobes hnolegy
178382847 13, BIRAJL Z013)

Szisrze 2012

Figure 3.5: Pseudo magnetic field and Landau levels in monolayer graphene under strain.

Similar kind of features are also observed in Bilayer graphene as shown below.
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Figure 3.6: Pseudo magnetic field and Landau levels in bilayer graphene

3.3 Sample details and preperation for scanning

This is a new form of multilayer graphene in which each graphene layer is turbostrati-
cally decoupled, similar to suspended graphene in nature prepared by Prof.G.U. Kulkarni’
Group[MDP™15]. Unlike traditional graphite, where each layer is perfectly AB stacked, in
turbostratically single-layer graphene(T-SLG), randomly oriented layers are stacked with
undefined order leading to the decoupling of the stacked layers and increased inter-layer
distance. Even though the sample is multilayered, the Raman spectra measured on thick
flakes show a signature of suspended graphene with a IIQ—GD ratio ranging from 2 to 7-9.

The sample is prepared by spreading naphthalene solution in chloroform on a polycrys-
talline nickel foil. Joule heating Nickel foil to red hot(800°) and then cooling it down
immediately results in patches of a multilayer of graphene. The inter-layer distance in T-
SLG is 3.42 angstroms instead of 3.35 angstroms(results from X-ray diffraction), and the
width of the sample is ~ 200nm(300-700 graphene layers).More Details about the sample
can be found in Prof. G.U. Kulkarni’s paper as Highly Decoupled Graphene Multilayers:
Turbostraticity at its BestftMDP*15].

For scanning the sample by STM, it is fixed over a silicon chip with an adhesive(silver-
Epoxy). Before putting the sample on scanning, it is first treated by a sample heating
facility inside the preparation chamber. We used MATSUSADA PK 20-20 supply at a con-
stant current mode.(current=2A and voltage=1.22volts) for 25-30 minutes. This process is
done to remove any impurity on the sample. After cleaning, the sample is transferred to the

sample stage for scanning.
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Figure 3.7: (a) Schematic of sample preparation, (b) Sample over a silicon chip, (¢) Raman
spectra for many samples prepared under identical conditionsflMDP*15].Inset shows the

Raman spectra of monolayer graphene taken from literature.

3.4 Results from STM

3.4.1 Topographic measurements

Moiré pattern is formed by two overlaying isostructural two-dimensional crystals with
slightly different lattice constants or two equivalent crystals deposited on top of each other
with a slight misalignment.To get the information about the angles between the layers Moiré
patterns are utilized as explained below. A sample of size 0.5cm X 0.2cm is cleaned in PC
and then it is transferred to the sample stage via EC using a long magnetic manipulator.
Figure3.7(a) shows the atomic resolution image of a 10nm X 10nm area of the sample. This
image was taken at 77Kelvin. The topography shows small hexagonal structure of graphene
along with different Moiré patterns(big hexagons of bright spots). To visualize these fea-
tures more vividly, Fast Fourier Transform(FFT) of the image(figure3.7(b))is performed us-
ing Gwyddion software. Masking different regions of FFT image results in a clean image
of different features of the sample. Figure3.7(c,d) represents two different types of Moiré
pattern having different lattice constants. Two different types of Moiré pattern indicates the

contribution from three graphene layers.
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Figure 3.8: **(a) Atomic resolution image at V3= 350mV and /,.,= 300pA, (b) Fast Fourier
Transform of (a), (c) Real space image corresponding to FFT shown by blue arrows, (d)

Real space image corresponding to FFT shown by orange arrows.

These Moiré patterns were further investigated. A python simulation was performed to

mimic the mono-layer, bi-layer and tri-layer graphene systems.

fa o

Figure 3.9: (a) Monolayer, (b) Bilayer, (c) Trilayer

s

Figure 3.10: **(a) Atomic resolution image with a black hexagon for scaling, (b) Simulate

image with a black hexagon for scaling, (c) Superimposed real and simulated image.

28



The following procedure is followed to find the twist between the layers:

* The real and the simulated images are set at same scale by superimposing the hexagon
pointed out by an arrow on left(figure3.9(a)) over the black hexagon on the right in

figure3.9(b)

* The scaled real images(FFT filtered) were superimposed over the simulated images
of bilayer whose angle of twist were already known.Figure3.9(c) shows the superim-

posed real and simulated images.

Figure 3.11: (a) The Real and simulated Moiré pattern matches for approximately 11.5°
angle between the two graphene layers, (b) The Real and simulated Moiré pattern match

for approximately 4.9° angle between the two graphene layers.

* By changing the twist between the layers and superimposing it over the real image
gives the information about the angle of twist between the sample’s graphene layers.
It 1s for the sake of simplicity that only two layers of graphene were involved in
the simulation. The results were the same even when three layers of graphene were

superimposed.

The twist in the first and second as well as the twist in the second and third layer of graphene

was found to be 4.9 and 11.5 degrees respectively.
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Figure 3.12: tLeft most image is of 170nm X 170nm area at V3= 400mV and /,.;=450pA
showing wrinkles and a bright defect. Images 1,2,3 and 4 are of 10nm X 10nm Vz=410mV

and [,.,=450pA area showing Moiré patterns.

Topography of different areas and sizes were taken and investigated as shown in figure3.11.
In figure3.11 the left most image was taken for the area of 170nm X 170nm. Topography for
smaller regions(1,2,3 and 4 figure3.11) was also taken and was found to possess the same
angle of twist of 12.2°. The feature like magic angle was not observed. wrinkles on the
sample were clearly seen(image at the center), and spectroscopic analysis was performed

on the sample at 77 Kelvin and 300 milliKelvin temperatures.

**Anmol, Ms. Mona and Mr.Soumyadip have 20%,30% and 50% data contribution respectively.
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3.4.2 Spectroscopic measurements

It can be seen in figure 3.11 that wrinkles are present on the sample. To investigate wrinkles
more vividly topography and spectroscopy was performed near the wrinkled region at 77
Kelvin temperature. Figure3.12(a) shows the topography of wrinkled area and line spec-
troscopy was performed at two regions(a) over the wrinkle depicted by red colour(b) over

the non wrinkled region depicted by black colour.
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Figure 3.13: f{(a) Topography at wrinkled area of 15nm X 15nm at Vg= 350mV and
I,.;,=440pA, (b) Line spectroscopy at two different regions, T(c) Topography at wrinkled
region of area 170nm X 170nmspecifying region of line spectroscopy by different colours
at V= 390mV and I,.;=450pA, (d) spectroscopy at three different regions indicated by

different colours.

It can be seen in figure3.12(b) that the Dirac cone feature is clearly visible in the DOS vs
V plot with a zero DOS point corresponding to Dirac point. No difference was observed in
the spectroscopy of two different regions.

The region of cross over and defect was analyzed by performing line spectroscopy over

the regions at 77Kelvin depicted in figure3.12(c). Spectroscopy at these regions shows
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no significant change at 77 Kelvin.(figure3.12(d)) A similar analysis of the sample was
performed at 300 milliKelvin temperature. Figure3.13(a) shows the topography over the

wrinkle and figure3.13(b) shows the spectroscopy at a point over the wrinkle.
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Figure 3.14: f(a)Topography of 10nm X 10nm area at 300mK, (b) spectroscopy at point
shown by green mark in (a), *(c)Spectroscopy at lower energy scale showing equally spaced
peaks near Dirac point, (d) Plot between F,, — Ez;.q. and sgn(n)\/m showing
linear variation, *(e)Spectroscopy at lower energy scale showing equally spaced peaks at
a region close to wrinkle, (f)Plot between FE,, — F4;.q. and sgn(n)\/w showing

linear variation

It can be seen that the spectroscopy performed on a wrinkle at 300 millikelvin is different
from the data shown at 77Kelvin. To see the features more vividly a spectroscopy at lower
energy scale was performed. At this energy scale a series of peaks were observed as shown
in figure3.13(c,e). To confirm that these peaks corresponds to the landau level peaks a plot
of E,, vs |n| was plotted(as shown in other experiments). It was found that the E,, — Ey;,qc
varies linearly with sgn(n)+/[n|(Jn|+1) as shown in figure3.13(d,f) which is a feature of
strain in bilayer graphene(as discussed earlier). In order to estimate the PMF we obtain the
slope of the plot E,, — Eg;rqc VS. sgn(n)m and assume vy = 1 X 10°m/s. Then

we put the slope equal to ﬁ;—i(for the use of bilayer). It was found that the field generated
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because of this strain is around 3 Tesla. Similarly spectroscopy at a point very close to the
wrinkle was performed and similar peaks were observed but less sharp(figure3.13(e)) than
the peaks observed at wrinkle. In comparison to the bubble geometry(graphene bubble on
Pt(111)), the strain structure realised here allows the strain-induced pseudo magnetic field
to be delocalized, allowing it to be detected at distances well beyond the wrinkle. It can be
deduced by comparing the two spectroscopic data that figure3.13(e) corresponds to a low
strain area and figure3.17(c) corresponds to a high strain area. From the spectroscopic and
topographic analysis of the sample it is suspected that the layers are not decoupled near the

wrinkles.

T Anmol and Ms.Deepti have 50-50 data contribution.

*Anmol and Ms.Deepti have 80% and 20% data contribution respectively.
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3.5 Conclusion

Scanning Tunneling Microscopy was used to perform topography and spectroscopy over
turbostratically single layer graphene. Three types of Moiré patterns were found through
topography at different regions. Moiré pattern analysis was done, and a twist of 4.9,
11.5 and 12.2 degrees was found in between the layers. The 1.1-degree magic angle
was not observed. More topographical analysis needs to be done. Spectroscopy over the
wrinkle and near the wrinkle was performed at 77 Kelvin and 300 milliKelvin tempera-
tures. No significant change was observed at the wrinkle and away from the wrinkle at 77
Kelvin.Spectroscopy over the wrinkle at 300 milliKelvin revealed the peaks of Pseudo Lan-
dau levels showing consistency with the strain induced pseudo magnetic field. The landau
level energy(F),,) was found to vary linearly with \/W which signifies that graphene
layers are not decoupled at wrinkled regions. The Pseudo magnetic field was found to be
delocalized as a result which pseudo landau levels were found even away from the wrinkle
.This study offers a quantitative comparison of measured local strain and induced PMF, as
well as demonstrating the ability to change the electronic band structure of graphene.. A
more detailed analysis of Landau levels can be done in the presence of an external mag-
netic field, and splitting of landau level peaks can be observed with the increasing magnetic

field.
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