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ABSTRACT OF THE DISSERTATION

Characteristics of Graphitic Films for Carbon Based Magnetism audr&hics

by

Jeongmin Hong

Doctor of Philosophy, Graduate Program in Mechanical Engineering
University of California, Riverside, December 2009
Dr. Sakhrat Khizroev, Chairperson

This dissertation concentrates on the characteristics of grgphesiegle layer of
graphite, defined as two-dimensional material for carbon basedetisg and
electronics. Carbon materials, which are demonstrated by diamongrattte, have
always been of great interest for their unique properties. Moreovehe last two
decades, there have been three revolutionary milestones in thepseget of carbon
materials, which were related to the discovery of fullerenagyon nanotubes, and
graphene, respectively. Such research evolution led to the realiptine feasibility to

tailor magnetic and electronic properties of graphitic sheets.

Magnetism of carbon materials is of particular interestabse of its new and
relatively unexplored origins. The technological potential of tieev materials is

enormous as they promise to become the first room-temperatm@mégnetic
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semiconductors — the Holy Grail of the world of electronics. Matention that the
existence of the new materials is vital for the emergielg bf spintronics. Researchers
believe that new carbon-based magnetic materials could gedtyd the limits of
current technologies relying on magnetic and semiconducting pespern this work,
the magnetic properties of pristine graphene and chemically iesbdifaphene were
mainly investigated. The chemical functionalization with nitroph€Ny?) groups was
performed by covalent attachment of aryl groups to the basal plaaeboin atoms. The
functionalized samples were found to be in a mix of ferromagaeatl antiferromagnetic

states with spins aligned in the main plane at room temperature.

Based on these findings, this work attempted to identify the orggitise intrinsic
magnetism and potential ways to tailor magnetism in graphemeh t&chnology has
great potential to pave a way to the next-generation techiaslaggntaining high-speed
and high-density nonvolatile memory as well as the production of figuoaible logic
devices, integrated magneto-optical devices, quantum information desaivg@smany

others.
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1. Introduction

1.1 Motivation

Since the 1960s, when the fabrication of semiconductors became aeritdlarise,
the semiconductoindustry has developed into the form of an aggregate of companies
engaged in the design and fabrication of semiconductor devices. Whitg&zéhef the
semiconductor industry has greatly expanded from that time, thensione of the
transistors it produces have shrunk significantly - seven orderadrand fourteen orders
in areal density - in accordance with Moore’s Law, which was iitkthtby Gordon

Moore, the co-founder of Intel.

Over the past 50 years, the semiconductor industry has greatlydodepee’s Law
as shown in Figure 1-1. The typical linear dimension of a featues antegrated circuit
decreases in size by a factor of two around every 18 months Q0B Intel provided
an updated roadmap of future processors based on their Westmeyeofa@#lUs, which
are manufactured using the 32-nm manufacturing process. Intel £xipetcthe processor
that it anticipates releasing in 2010, which it has codenamed J&mdiye, will be

manufactured using 22-nm manufacturing process.

Depending on the doubling time used in the calculations, this could metnaup
100-fold increase in transistor count per chip within a decade. Thentwoadmaps for
semiconductor industry technology predict a three-year doubling time f

microprocessors, leading to a 10-fold increase in the next decadat§t]has reported



that assuming favorable economic conditions, the downsizing of silicqys chill

continue over the next decade [3] and will persist through 2029 [4].

transistors
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Figure 1-1 Moore’s Law.

Despite the significant development of the semiconductor indusisynaw facing
the challenge of Metal Oxide Semiconductor Field Effect Treors(#OSFET) based
silicon industry when the size of a transistor reaches the ofdefew nanometers. As
shown in Figure 1-2, conventional transistors have three termihalsource, the drain,
and the gate electrode. The source and drain are connected by a tatrniselomposed
either N doped (P-type MOSFET) or P doped (N-type MOSFEEmicnductor

material. The gate electrode is composed of a layer of pobysiliplaced over the



channel but separated from the channel by alayer of insulatingmaterial,such as
silicon dioxide.When voltage is applied between the gate and soigrreinals, th

electric field geprated penetrates through the oxide and creatéseersion layer”
belowthe oxide. Becausthe inversion layer is of the same typetypPe or Mtype)- as
the source and drain, rovides a channel through which current can p@asying the
voltage beween the gate and the source modulates the eled#nmsity of this layer an

makes itpossible to control the current flow between thardand the sourc

50 -
S Nogg= V=TV
Gate Gate T
oxide terminal '5' 40 linear region 6V 1
Drain O O Source g 30 b /" saturation region ]
terminal terminal = =R
2
5 [ ]
Metal % 0 FRY
g
E wf 3V
2V
Y

Drain to source voltage [V]

Figure 1-2 Images of Metal Oxide Semiconductor Field Effect Transistor

(MOSFET) and its I-V characteristics.

Due to electrical considerations, the gate oxidekttessmustbe propational to the
gate lengthin terms of such factoras the distance between tbeurce and dra. The
lateral scaling ofransistor dimensions thus directly translates anteductiorin the gate-
oxide thickness. Wherthe gate thickness is scaled to the &Gmm range, the

exponentially increased charge leakage makes fiiculif to further advance silico



semiconductor technologies. Therefore, at this range of thickness, muargchanical
tunneling currents through the oxide become intolerable. For moocgegeffinformation

processing, innovative devices must be developed.

Information can be encoded, transported, and stored using both electrga ahd
spin- that latter of which is an elusive property of electrons iy just be the next
entity for data encoding. The connection between electron transporipenglays a
major role in information transport through devices. Since spinuallysassociated with
guantum mechanics, any devices relying on it are tequadtum devicedVhen dealing
with spin, it is expected that tiny length scales within theicdecome into play. For
information to be reliably encoded and transported from one part aftacspc device to
another using the spin associated with electrons, certain conditisidommet. Current
research has focused on examination of these conditions as wdlk aneans of

eliminating the challenges encountered in spin injection, transport and detection.

Regarding the advantages of spintronics, spintronic devices hapetthial to be
scaled to the sub-1-nm range to resolve the scaling problem encountetecent FET
[5]. Moreover, spintronics promises to give birth to a new breed of camgpdévices
with such important advantages as non-volatility, data densities dl@ifveerabit/if,

data rates in the terahertz range, and negligible levels of power cormumpti

However, to realize the potential of many groundbreaking applicatioew,
materials that combine both magnetic and semiconducting propénasyatemperature
must be developed [6]. Since the early 1990s, extensive researbhdmsonducted to

explore the feasibility of using (lll, Mn)-V diluted magnetiensiconductors (DMS) as

4



room-temperature ferromagnetic semiconductors [7]. Unfortunatetyeasing Curie
temperatures from the current record of approximately 200 K nsntia¢ main roadblock

for further research into DMS materials.

Hence, the tremendous current interegrapphene a substrate composed of several
single layers ofgraphite defined as a monolayer of carbon atoms densely packed in a
honeycomb lattice, is not surprising. Since being first synthesiz2804 [8, 9] through
micro-mechanical cleavage and epitaxial growth, graphenedwasne one of the most
remarkable materials in carbon-based science and engmeerithe nanometer scale. It
is only one atom thick but stable under ambient conditions, and exhibié®meknarily
high crystal and electronic quality. The most important propeofiegaphene originate
from its very unusual electronic properties; in other conductors, €heaigiers are
described in terms of quantum mechanics as electron waves oltbgir&chrodinger
equation- the wave equation of quantum physics, whereas graphemensleare
described according to the laws of relativistic quantum physiesying the Dirac
equation. Recent theoretical and experimental efforts have inditetedraphene may
indeed be the long-sought-after material due to relatively spadtorbit interaction [9,

10, 11, 12].

Moreover, theory predicts an entire spectrum of magnetic phenamemaphene,
including several mechanisms for intrinsic ferromagnetism andapiering effects that
arise due to its low dimensionality and Dirac-like spectrum. Howeawvene of these
effects has yet been explored experimentally. If confirmedgxistence of spin ordering

in graphene will have important implications for not only understandinghisf



remarkable material but also for its various applications andiglteof spintronics in

general.

Further research into graphene will help to resolve the controseegjarding recent
findings of magnetism in so-called unconventional carbon-based nagnaterials.
Ferromagnetism has been detected in these materials despifesdree of atoms with
partially filled d- or f- orbital that have non-zero total sptowever, the findings remain
highly controversial, and there are many uncertainties refatéte experimental system.
Therefore, further research should seek unambiguous answers to quesates to
magnetism in other graphitic materials, in which the inevitpldsence of impurities and

imperfections can obscure vital evidence or lead to artifacts.

1.2 Historical Overview

Carbon is the chemical element represented by the symbari@'the sixth atomic
number. As an element that exists abundantly in the earth and uniitersevery
important in our daily lives. In nanotechnology, it is a key elemantnechanics,
chemistry, physics, and electronics. Pure atomic carbon existis aategorized by its
four different crystalline forms - Diamond, Graphite, Fullerea@s, Nanotubes - each of
which is characterized by properties related to hybridizatiamsitye and bonding length,
as well as electronic and mechanical properties, as shown ia Tdabl Other common

forms of carbon are amorphous carbon, charcoals, soot, and glassy carbon



(microcrystalline forms of graphite). Beforeo@as discovered in 1985, diamond and

graphite were the two well-known forms of crystalline carbon.

Table 1-1 Properties of Carbon Allotropes.

Dimension 0-D 1-D 2-D 3-D
Isomer Fullerene CNT Graphene Diamond

Hybridization Sp2 Sp2 Sp2 Sp3

Density [g/cm] 1.72 1.2-2.0 2.26 3.52

Bond length (A) 1.40 (C=C) 1.42(C=C) 1.42(C=C) 1.54(C-C)

Electronic Properties Semiconductor Semiconductor Semi-metal  Insulator
(E;=1.90) / Metal (E;=5.47)

Mechanical Properties 14 GPa 1-5TPa >0.5TPa 1050 Gpa

Since their discovery by Sumio lijima in 1991, scientists andneegs have been
researching the properties and applicationscarbon nanotubegCNTs), which has

resulted in theories and methods for their synthesis. Recentatedess recategorized



graphene, a quasi-2D monolayer of graphite, into three crystallims focurling, rolling,
and stacking — which can turn graphene into buckyballs, nanotubesgraplite,

respectively, as shown in Figure 1-3 [13].

Figure 1-3 Curling, rolling, and stacking of graphene into bekyballs, nanotubes,

and graphite, respectively [13]

Fullerenes have a graphite-like structure, but instead of purghgbeal packing,

which is possible with pentagons or heptagons of carbon atoms, theyhkesttket into



spheres, ellipses, or cylinders. The properties of fullereneshvgplit into buckyballs,
buckytubes, and nanobuds, have not yet been fully analyzed, and therpfeseme an
intense area of research in nanomaterials. The t&utierene"” and "buckyball" were
given in recognition of Richard Buckminster Fuller, popularizer of geoddésmes,

which, as shown in Figure 1-4 [14], resemble the structure of fullerenes.

Figure 1-4 The Montreal Biosphére, formerly the US Pavilion at kKpo 67, built by

R. Buckminster Fuller & S. Sadao on ile Sainte-Héléne, Montreal, Gada [14]

Buckyballs are covalently bonded to the outer wall of a nanotube thitiroes the
properties of both in a single structure. For the past decadehéhgoal and physical

properties of fullerenes have been intense areas of interest fielthef research and
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development, and are likely to be so for many years to come. Fdteteave been
primarily studied for their potential medical applications, as bindpegific antibiotics

to the structure can target resistant bacteria and eveainceancer cells, such as
melanomas. One study has demonstrated the effectiveness @fetieas light-activated

antimicrobial agents [15].

In the field of nanotechnology, heat resistance and superconduetigityvo of the
most heavily studied properties. A common method for producing fulleierte send a
large current between two adjacent graphite electrodes in anatmasphere. The
resulting carbon plasma arc between the electrodes cools intdyaresidue from which
many fullerenes can be isolated. Many calculations that haverbade using ab-initio
Quantum Methods have been applied to fullerenes. By using DFT and TDaBfhods,
infrared, Raman, UV spectra of fullerenes are characterizedeta@ompared with

experimental results.

CNTs are carbon allotropes with a cylindrical nanostructure.t@itmenanotubeds
derived from the size of the structure, having a diameter of evigral nanometers but
being up to several millimeters in length. Categorized as esinglled nanotubes
(SWNTs) and multi-walled nanotubes (MWNTSs), nanotubes are membertheof
fullerene structural family, which also includes the sphericakyhealls. The ends of a
nanotube might be capped with a hemisphere of the buckyball strug¢ametubes have
been constructed with length-to-diameter ratio of up to 28,000,000:1 [16]h wsic
significantly larger than any other materials. Thesendyical carbon molecules have

novel properties, including extraordinary strength, unique electpoaperties, and

10



efficiency in heat conduction that make them potentially usefuhany applications,
especially in the fields of nanotechnology, electronics, optics ienitecture. However,

many of their applications are limited by their potential toxicity.

0,10) nanotube 3 &3 T

(eig-2ag)

(7,10) nanotube CEEAE
[chiral)

Figure 1-5 Types of Single wall Carbon nanotubes 11

The nature of nanotube bonding is described by applied quantum chemistry
specifically orbital hybridization. The chemical bonding of nanotuisesomposed
entirely of sp2 bonds, similar to those of graphite. This bondingtstejcwhich is

stronger than the sp3 bonds found in diamonds, provides the molecules witmitpge

11



strength. Nanotubes naturally align themselves into “ropes” held togeyhean der
Waals forces. Under high pressure, nanotubes can merge, trading sdmedpfor sp3
bonds, and thus giving the possibility of producing strong wires wiit@fiength through

high-pressure nanotube linking.

During first few years of this decade, few researchers ¢éagebat one-atom-thick
sheets of graphene could experimentally exist in a freestarstate. Conventional
wisdom based on decades-old thermodynamics arguments held thedtdificding”
graphene, meaning a one-atom-thick film that is somehow suspendedtiog on a
nonbinding support such as silicon dioxide, would be unable to resist t ‘tor roll
into a nanotube or other curved structure. Starting with flecks of geagbnerated by
mechanical cleavage, these small specks of carbon onto adhesiveldapetlie sticky
sides against the tiny crystals, cleaving the flakes invitven the tape is pulled apart. By
repeating this rather rudimentary splitting process several tiheset and thinner slices
are generated that are stable at room temperature; indeedtoome- thick bits of

graphene remain surprisingly stable even at room temperature.
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Figure 1-6 Wavy Form of Graphene [18]

After the 2002 discovery of a type of pure carbon that is magm@tiroom
temperature, the conventional knowledge regarding magnetic aisitleas been subject
to controversy. Since then, theoretical research has predicted iesn spectrum of
magnetic phenomena in graphene, including several mechanisms faorsiént
ferromagnetism and spin-ordering effects that arise duestw dimensionality and
Dirac-like spectrum. However, none of these effects has yet bepiored

experimentally. Nevertheless, ferromagnetism of graphenéarseichemically modified

13



graphene was recently indentified indicating that epitaxial plfggae with

functionalization form may make a role of magnetic semiconductor.

The existence of spin ordering in graphene has important implicabomf only
understanding this remarkable material with its chemical imma&lization form, but also
for its various applications, including in magnetic semiconductors imngpintronic
devices for information processing and data storage. Using unconventitealats such
as fullerenes, bulk graphite, and graphene, ferromagnetism hasldteeted in spite of
the absence of atoms that have non-zero total spin. However, sudgdineimain highly
controversial, as there are many uncertainties related texjperimental system with
and/or without any crystal defects and impurities in the latifcgraphene. Therefore,
clear answers are needed to to questions related to magnetism in gihéicgraaterials,
in which the inevitable presence of impurities and imperfections adzture vital

evidence or lead to artifacts.

When considered together, the spin and the charge of the eledfesnmany
opportunities for the creation of new information processing and stalagees [5].
However, in order for spintronics to achieve its promise, a matéaalcombines both
magnetic and semiconducting properties at room temperatureqisired. When
randomly functionalized with aryl radicals, graphene functiona asom temperature
ferromagnet, which suggests that such functionalized graphenéomayhe basis for a
new approach to magnetic semiconductors. This finding suggessaitietunctionalized

graphenes may form the basis for a new approach to magnetic semiconductors.
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1.3 Summary

This study conducted research into the electronics and magnetisno ¢ypes of
nano-carbon: epitaxial grown multilayered graphene and functionaljiegzhene with
aryl radicals. This research focused on demonstrating that fun&eshgraphene with
aryl radicals behaves as a room temperature ferromagnethanpéeon that, together
with the observation of transport studies, suggests the basis olv eapygoach to

magnetic semiconductors.

Chapter 1 provides an overview of silicon-based semiconductor technology,
describes its current limitations, and discusses the unique propertiesradtaleecarbon-
based material technologies, including graphene-based electammdcsnagnetism for

spintronic devices and other carbon allotropes.

Chapter 2 reviews major fabrication approaches for graphene thabéawaised to
date in a variety of ways. The chemical functionalization otagpl graphene is

described.

Chapter 3 discusses the electronics of graphene, focusing on ttasguy of
temperature dependence and magnetoresistance that demonstratearabteristics of

graphene with chemical functionality throughout the temperature feoge2K to 300K.

Chapter 4 describes the magnetism of graphene by the reféeoeresearch into M-
H hysteresis loops, magnetic force miscroscopy, magnetcabiier effect microscopy,

MFM tip fabrication, and sample mounting methods.
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Chapter 5 provides the study conclusions by discussing the possibpitgducing a
pure 2D magnet with superior anisotropy based on current findingecdimmends
directions for future research in the areas of graphene-basetktisag and magnetic

semiconducting devices.
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2. Fabrication Methods

2.1 Introduction

For centuries, graphite has been widely and commonly used as itheamgonent
of pencils. Every time someone scribes a line with their petial, resulting mark
contains some layers of graphene. However, graphene has ragalptmeluced in its
freestanding single-sheet form in order to explore and expg®imiany properties.
Scientists have been trying to split graphite into its constifo@mns for many years, and
after extensive researches have been developed, four diffebeitatmn methods of
graphene are so far reported: chemical vapor deposition [19], nachamical

exfoliation [20], chemical exfoliation [21], and epitaxial growth of gragghfs].

After being used for decades, CVD has recently gained muaftiattedue to its
wafer size growth with high quality. Micromechanical exfoliatioh graphite, also
known as the “Scotch tape” or “peel-off” method, was developed &artier work on
micromechanical exfoliation from patterned graphite, and is clyrdré most popular
means of synthesis. Chemical exfoliation of graphite, which wsisdeveloped in the
nineteenth century to exfoliate graphene, is now used to creai@labluspensions [21].
The epitaxial growth of graphene is the growing of graphene on thkating substrate,
silicon carbide [8]. Since 2004, micromechanical exfoliation and thexagli growth of

graphene have been used for synthesizing single crystal of grapheee lattic
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2.2 Growth of Graphene on SiC

An epitaxially grown graphene monolayer is formed from the setioegaf carbon
in silicon carbide substrates. Observation of segregation has proswddehce of a
surface - phase transition due to not only the strong carbon-carbaciimes within a
graphite monolayer but also a good epitaxial fit to the substrate. Curran8ygraphene
samples are prepared by stripping off layers of graphite, whiakists of multiple layers

of graphene and is the ground state of carbon.

To produce the epitaxial growth of graphene, large areas of graypine prepared by
evaporating silicon from silicon carbide. As the silicon evapordtesves behind sheets
of graphene, with the number of graphene layers depending on the ewaporati
temperature and time. This ability to prepare large areasgbfduality graphene on a
substrate is a necessary step by offering the only meamsiraf graphene in electronic

applications.

Epitaxial graphite films are produced on the C- and Si-termdnttees of single-
crystal 6H-SIC or 4H-SiC by thermal desorption of Si [8].eAfsurface preparation by
oxidation or H etching, samples are heated by electron bombardment in ultrahigh
vacuum in order to remove the oxide, with some samples being oxudbkpedtlized
several times to improve the surface quality. Atomic forcerascopy images have
indicated that the best initial surface quality is obtained Wittetching. By heating to
high temperatures in furnace, thin graphite layers are formetiadness determined

predominantly by the temperature.
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Of the several graphene layers of which epitaxial graphenempased, only the
first layer is electron doped due to the built-in electritdfigvith the other layers being
essentially undoped. The charge carriers show Dirac particle rpespesuch as an
anomalous Berry’'s phase, weak anti-localization, and square rabt&pkendence of the
Landau level energies [22]. They also show quasi-ballisticgcahand long coherence
lengths, properties that may persist above cryogenic tempergRBje These favorable
features indicate that interconnected room-temperature batlistices may be feasible

for low-dissipation high-speed nanoelectronics [24].

2.3 Micro-Mechanical Exfoliation

Mechanical exfoliation of graphite became the first identified syrghmsthod when
it was initially performed in 2004. In the absence of quality graph®iost researchers
use samples obtained by micromechanical cleavage of bulk grapbkitsame technique
that allowed for the initial isolation of graphene [8, 20]. Afteeftuning, this technique
can provide high-quality graphene crystallites up to 100 pm insizieh is sufficient

for most research purposes.

By rubbing or scraping graphite against a surface, microscdpicks as thin as
roughly 100 atomic layers could be peeled off the substrate. Monetlsgaesearchers
attached a graphite crystal to an atomic force microscope (AiBNNd used the device

to make nanometer-sized graphite markings on silicon wafers. tt&t®AFM “writing”
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instrument, fondly referred to as the “nanopencil,” they could decavaters with

around 10 to 20 layers of very thin graphite crystallites.

The micromechanical cleavage technique highlights several featu3 crystals
that may explain why 2D crystals were not discovered eark@st, monolayers
accompany a great number of thicker flakes. Second, unlike nanotubeysilschave
no clear signatures in transmission electron microscopy. Thirdubeanonolayers are
completely transparent to visible light, they cannot be seen onsulostrates, including
glass and metals, when using an optical microscope. Fourth, the AFM methodn#curre
the only method that allows definitive identification of single-tageystals, but it has a
very low throughput (especially when high-resolution imaging eiguired), and in
practice it would be impossible to find cleaved 2D crystallitgsscanning surfaces at
random. Finally, it is not certain that isolated atomic plareedd survive without their
parent crystals. Micromechanical cleavage of bulk graphite pevah approach to
obtaining isolated graphene monolayers that appears no more coeapliten
repeatedly applying a piece of adhesive tape to graphitetbatthinnest flakes can be
peeled off the substrate. To date, high-quality graphene citgstalp to 100 um in size
have been synthesized using the micromechanical cleavage methodynfhesis of
isolated graphene monolayers greatly promotes the investigatibe ahique properties

and potential applications of graphene.

The main procedure for the micromechanical cleavage of bulk graplgteshay
obtaining the starting material of 1-mm-thick platelets of higitiented pyrolytic

graphite (HOPG). Scotch tape is then repeatedly applied to pefthkdt of graphite
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with the thin flakes left in the tape. Then, the thin flakes intéipe are gently pressed
onto a Si wafer to transfer to several flakes on the wadarface. Ultrasound cleaning in
propanol is then conducted to remove mostly thick — flakes, as thin {ldk&8nm) have
been found to attach strongly to Si@resumably due to van der Waals and/or capillary

forces.

Figure 2-1 Optical Microscopy of Graphene: white light of grapliic films of various
thickness ~d. The indicated values of thickness were measd by Atomic Force

Microscopy [9].

A combination of optical, electron-beam, and atomic-force microscapybe used
to select from among the resulting films those that are ofdywagraphene layers thick.
Graphitic films thinner than 50nm are transparent to visible lghtcan easily be seen

on the SiQ surface because of the added optical path that shifts the rietexéecolors.
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The color of a 300-nm wafer is violet-blue, with the extra thickmiege to graphitic films

shifting the color to blue as shown in Figure 2-1 [9].

2.4 Chemical Oxidation and Exfoliation of Graphite

Early researchers of the chemical exfoliation of graphitengited to insert
molecules or atoms between the layers of graphite to exfdliatgraphene sheets. This
chemical exfoliation technique generally yielded a slurry or sludggaphitic particles
similar to wet soot such that the graphene layers were rolléd dpcrease the surface
energy. Although it was difficult to detect single layersgodphene in the compounds
resulting from the chemical exfoliation of graphite, this methodnsted to the

development of the mechanical approach to cleaving graphite.

Graphite oxide has been mainly produced by the Hummer [25] and othiendse
[26, 27] since it was first prepared in the nineteenth century.m&lthods involve
oxidation of graphite as bi-products of strong acids and oxidantsngrtatThe level of
the oxidation depends on experimental factors, such as the reactiatioosndnd the
precursor graphite used. Although extensive research attempteahtibyittee chemical
structure of graphite oxide, no single method of doing so has beetoped, with the
several models developed thus far remaining subject to debate.rliydats, graphite
films of several single layers were synthesized by a wdaraxfoliation method using

graphite intercalates compounds [28]. Eventually, the total extoliatf graphite was
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achieved from the polymerization of unsaturated hydrocarbon conductide imter-

spacing of graphite using potassium as the initiator or catalyst [21].

To date, several methods have been developed for the chemical texfob
graphene, which basically, involves the oxidation of graphite with stromds and
oxidants. The level of the oxidation, which is the bi-product of oxidatigrert#s on the
method applied, the reaction conditions, the graphite used, and smheralactors [21].
Although extensive research has revealed the basic chemicalistrat graphite oxide,
which is shown in Figure 2-2 [29], the exact chemical structure aphgme oxide

remains unclear.

Figure 2-2 Chemical structure of graphite oxide [29].

The sp2-bonded carbon network of graphite is strongly disrupted, and acaignif
fraction of this carbon network is bonded to hydroxyl groups or paatiEegpin epoxide
groups [29, 30, 31, 32]. Graphite oxide thus consists of a layered structigraiene

oxide” sheets that are so strongly hydrophilic that the interoal®@f water molecules
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between the layers readily occurs [33]. The interlayer mtistébetween the graphene
oxide sheets increases reversibly from 6 to 12 A with increasiative humidity [33].
Notably, graphite oxide can be completely exfoliated to produce aqmblosdal
suspensions of graphene oxide sheets by simple sonication [34] astirimg the

water/graphite oxide mixture for a sufficient length of time [35].

Considerable research into such aqueous colloidal suspensions waseeérin the
1950s and 1960s [36, 37]. Because graphene oxide sheets most likely havacalchem
structure similar to the layers in graphite oxide, they gmomising starting material for
the generation of colloidal suspensions of other chemically modifiedsfofngraphene
through chemical tuning [21]. Filtration of chemically modified gexpd suspensions
has produced free standing paper-like materials [38, 39, 40, 41, 42] that hayezed la
structure. Significant advances have also been made in using homogsugperssions
of chemically modified graphene sheets to produce thin films, wiaohbe relevant to

transparent and electrically conductive thin-film applications, among déf:rd4, 45].

2.5 Chemical Vapor Deposition

One of the ground breaking approaches for the high-quality wafer figbrication
of graphene is the CVD approach [19, 46], in which carbon is dissolvedh@tnickel
substrate. As shown in Figure 2-3, the CVD method requires dissolmihgrconto thin
metallic film, cooling the substrate, to produce carbonaceous gas, andréuogpitating

the gas out of the substrate. The resulting thickness and cnestalidering of the
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precipitated carbon depends on the cooling rate and the concentratioboof dssolved
in the substrate. This concentration is in turn controlled by tbe and concentration of
the carbonaceous gas and the thickness of the metallic layer.aAthemical etching
with the nickel etchant, the graphene membrane detaches, and ¢eandferred to
another substrate. This direct CVD synthesis provides high-quaigrd of graphene
without the need for intensive mechanical or chemical treatmeimg Wkis method,
graphene samples of several square centimeters and exaddetrical and optical

properties have been fabricated.

The thickness and crystal structure of the carbon depends on the catdiagd the
concentration of the carbon dissolved into the nickel, as carbon prespdat by
cooling nickel. This concentration in turn depends on the type and conicenthithe
carbonaceous gas and the thickness of the nickel layer. Aftemacahetching of the
nickel, the graphene membrane detaches and can be transfearediter substrate. This
direct CVD synthesis provides high quality layers of graphenbowitthe need for

intensive mechanical or chemical treatment.
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Carbon precipitates
onto surface

Carbonaceous gas

Chemical etchant

Figure 2-3 a) A thin layer of nickel (Ni) is deposited ontoa substrate; The
crystallinity of this layer depends on its thickness, annealg, and the nature of the
substrate. b) The Ni layer is heated to about 1,000 °C and exposed to a carbonaceous
gas environment. Carbon atoms are generated at the Ni surfaeed diffuse into the
metal. c) As the nickel is cooled, the carbon atoms precipie out of the nickel layer
and form graphene on its surface. The graphene samples are egbed to form on
the (111) faces of Ni crystallites. d) The graphene membrang detached from the Ni
layer by gentle chemical etching. €) The resulting free@tding graphene layer is
transferred onto appropriate substrates. Colors illustrate the difference in
temperature (orange color represents hot; blue shows coldand chemical

composition (orange shows gas; blue represents etchant) [47].

The graphene films produced by CVD demonstrate excellentratect{19] and

optical properties [19, 46], including a sheet resistance as low asn280a carrier
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mobility as high as 3,700 &ivs, and a 90% optical transparency, although these values
are inferior to those obtained for a perfect single layer of graphene [Z&jafRbers have
reported that graphene films produced by CVD are useful for proddiexigle and
transparent electrodes for solar cells and liquid crystaladispbs well as for producing
various electronic and optoelectronic devices with high frequencycdreination of its

low cost, scalability, and advanced material properties make WP @pproach

exceptional.

Even though the further development of the large-scale CVD depositgnaphene
for industrial purposes will largely depend on engineering resegfancttamental research
also has a role to play. Replacing the polycrystalline substratd the single-crystal
nickel substrates used to grow epitaxial graphene would reédegaumber of defects in
the samples by reducing the mismatch between the nickel andegeapditices. A
significant obstacle to CVD technology is that the large difiee in the thermal
expansion coefficients of nickel and graphite leads to ripple stegcin the samples.
This obstacle must overcome to achieve the planar graphene filnodgpelquired for

the micro-patterning of electronic devices.

The successful production of large-area graphene from CVD israiging step
towards the industrial production of graphene-based electronic and optoetect
devices. The use of large-scale CVD graphene as a fleareoptically transparent
electrical contact has been demonstrated [19, 46, 47]. Such flex#@nlityiransparency
lead this form of graphene to provide significant advantages irs tefroarrier mobility

and mechanical strength and flexibility over conventional metalesxin the production
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of liquid crystal devices, solar cells, and organic light-emissioricds, as well as
guantum coherent devices in which phase coherent electron transportl iBusew
device functionalities or improved performance. The scalabilityCMD graphene
technology may hasten the transition from the production of singlealecdevices to
the production of complex integrated circuits containing numerous aatisiepassive

graphene-based components [47].

2.6 Chemical Functionalization of Graphene

For the large scale production of electronic devices at thecwoatelevel, the
processing steps, which are essential for the development of imgédyated graphene
electronics, require the realm of organic chemistry insteaphgs$ical engineering of
graphene using traditional lithographic processes. The chemical tionmaf
carbon—carbon bonds offers an alternative approach to the control oétimc and

magnetic properties of epitaxial graphene [48, 49, 50].

The transformation of the carbon centers from sp2 to sp3 introducesiexr ba
electron flow by opening a band gap and allows the generation of tingukend
semiconducting regions in graphene wafers [48, 49]. Moreover, the additenm afyl
radical is the generation of a delocalizeeradical and detailed calculations and
experimental results show that spin density is delocalizedrogay carbon atoms with
the highest spin density in the vicinity of the point of attachmenhefaryl group [50,

51].
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The epitaxial graphene (EG) samples as describ8éation 2.3 are thermally grov
in vacuum on the [0001] face of diced SiC wal(dimension 3.5 mm x 4.5 mm) aft
surface flattening by hydrogen etching. The EGhigracterized by surface analysis tc
such as X-ray and lownergy electron diffraction methods in ultigh vacuum by
indicating the presence 0-10 layers of epitaxlagraphene on the (0001) face witt

structural coherence greater than 300 8, 22, 23].

0.75

1pm

Figure 2-4 AFM images of: (L) pristine epitaxial graphene (EG) (R) nitrophenyl

functionalized epitaxial graphene (N-EG).

Then, EG substrates are chemically functionalizeth witrophenyl groups b
spontaneous electron transfer to the correspondigpnium salt 48). This solution-
based, room temperature chemical functionalizgbimtedure is exceedingly gentle ¢

leads to the covalent attachment of the aryl graagke basal plane carbon atoms in
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top graphene layer [50]. The detailed AFM images of EG sanapéeshown in Figure

2-4 before and after functionalization.
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3. Transport Properties of Graphene

3.1 Transport Study

The resistivityp, which is an intrinsic property of materials, is important tarténg
material as well as for semiconductor devices for electsorwdthough carefully
controlled during crystal growth, it is not truly uniform in the gnowrocess due to
variability during growth and segregation coefficients les® thaity for the common
dopant atoms. The resistivity of silicon wafers is usually matliiieally during device

processing by diffusion, ion implantation, and other factors.

The resistivity depends on the free electron and hole densitiasd p, and the
mobility of electron and holgt, andp,, respectively, according to the relationship as

follows:

p= b (3.1)

e( nu, + puy)

For extrinsic materials in which the majority carrier dgnst much higher than the
minority carrier density, it is generally sufficient to kndve tmajority carrier density and
the majority carrier mobility. However, the carrier déiesi and mobility are generally
not known. Hence, alternative measurement techniques, ranging doowactless,

through temporary contact to permanent contact techniques need to be introduced.
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The fourpoint probe is commonlysed for the measurementtbe resistivity of the
materials It is an absolute measurement withoulourse to calibrated standards an
sometimes used to provide standardsother resistivity measuremer Since only tow
probes are needed for the manipulatiwo-point probe methods would appear to
easier to implemenHowever,the interpretation of the easured data is more diffic as
shown in Figure 3-1By using four probes rather than tvthe voltage is measured wi
two additional contactbetween two ontacts for current and so parasitic voltage d

could be eliminated.

Figure 3-1 Schematics ofone-, two-, and fourPoint Probes Measuremer.

The fourpoint probe wadirstly proposed by Wenner [52p measure the eartr
resistivity in 1912.To derive the fol-point probe resistivity expression, starting the
sample geometry iRigure 3-1 [53], the electric field is related to the current densJ,

the resistivityp, and the voltagV as follows:
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dv |

e=Jp=—-—-J= 3.2
p dr 27r? (3.2)

The voltage at poir® at a distance from the probe is then expressed as:

vV, lpgrdr o,
IO dV__ZJ-Or_Zzﬁ (33)
For the configuration in Figure 3-1, the voltage is as follows:
vodp 1p lpfl 1 (3.4)
27ty 2mr, 2z\r, r,

wherer; andr; are the distance from probes 1 and 2, respectively.

The minus sign accounts for current leaving through probe 2. For protiegsm, s,

ands;s, as in Figure 3-1, the voltage at probe 2 is expressed as:

vzz'—/’(l— ! J (3.5)
2r\s, S+ S
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and at the "8 probe, the voltage is expressed as follows:

v3='—”[ 1 —i] (3.6)
2r\s+s s

The total measured voltage=\V,, =V, -\, becomes as the follow expression:

V:'_PEE_ 1 1 +_1] (3.7)
27\s, s+§ $+§$ §

The resistivity p is given:

(3.8)

v
|

pz(%f%w S %)VV%J

The current is usually such that the resulting voltage is appetgly 10 mV. For most
four-point probes, the spacings between the probes are equal e e 5= s,

eqguation 3.9 reduces to:
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p= 27zs\l/— (3.9

Most substrates for electronics are not semi-infinite innéxte either the lateral or
the vertical dimension and equation 3.10 must be corrected for fiteggaes. For an

arbitrarily shaped sample the resistivity is as follows:

p= 27ZSF\Ii (3.10)

where F corrects for probe location for sample thickness, sample

diameter, probe placement, and sample temperature.

It is usually a product of several independent correction fadtorssamples thicker than
the probe spacing, the simple, independent correction factors contaiRedfiequation

(3.10) are no longer adequate due to interactions between thickrbssige effects.
Fortunately, the samples are generally thinner than the prob@agpancd the correction

factors could be independently calculated in each specific case.

The sheet resistance of a material is commonly used to afrazacdobn implanted
and diffused layers, metal films, and so on. For the two dimensica@thgne layers, it is
also useful to apply sheet resistance. The depth variation of thetddpas need not be

known, as is evident from equation(3.12). The sheet resistance can be thioaglhe
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depth integral of the dopant atom density in theda regardless of its vertical spai

doping density variation.
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Figure 3-2 Geometries ofResistivity and Sheet Resistance. The Current isdiving

parallel to the direction of the length.

To understand the concept sheet resistance, the geometoyld beconsidered as

shown in Figure 3-2The resistance between the two ends is giveollasvk:

Repi_,Lt_PL (3.11)
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Since LW has no units{% should have units of ohms. Howevé}t/ is not the same

resistance. The main idea starts from distinguishing bet\Héandp/, the ratio'%

is given the units oth/S\/A and is named as sheet resistarikg, Hence, the sample

resistance can be written as follows:

R= &h%v (3.12)

Because the bulk resistance is multiplied by a dimensionlessitguanitV) to get
sheet resistance, the units of sheet resistance are ohms. iHaveeweon unit i§h%,
which is dimensionally equal to an ohm, but is exclusively used fot stsstance. For
the thin layers of graphene and/or other thin film materials, $h#s great advantage of

sheet resistance because a sheet resistance of a value of cobuldnibe taken out of

context and misinterpreted as a bulk resistance of 1 ohm whheet eesistance of 1

Oh% cannot be misinterpreted. The reason for the name “ohms per sdudhat a

square sheet with sheet resistance 1 ohm/square has an asts@nce of 1 ohm
regardless of the size of the square. The unit could be thought“‘ohras per aspect

ratio.”

Because of the advantages of four-point measurement set-up, ttasisglyr of

graphene was conducted by the resistivity option for the Phy&iopkrty Measurement
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System (PPMS) to characterize electronic properties ungilegemic temperature from
2K to 300K and magnetic fields up to 9T. It adds a configurable nesestaridge board,
called the user bridge board, to the Model 6000 PPMS Controller. biotiee four

channels on the user bridge board are dedicated to a specdmsysération so that all

four channels are available to perform four probe resistance measuremét$&MS.

The resistivity option reports resistance and conductance assvedisistivity and
conductivity. Samples for four probe measurements may be mounted tiVRgsI
sample pucks and/or rotation sample pucks. The rotation sample pucksr ate f
horizontal rotator which was used for the anisotropy measurefr@nt out-of-plane
component to in-plane component by changing the angles between iméglieand the
sample. Resistivity sample pucks have four contacts: one positiverandegative
contact for current and voltage which a sample may be conventioviedly as shown in

Figure 3-3.
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Figure 3-3 Schematics of mounting resistivity sample puck itth wiring examples
used in the experiments; soldering was performed outsidef the sample, and then,
indium contacts and conductive silver paste were applied omtsamples: (a) indium

contacts were used and (b) conductive silver adhesive paste was lagap

Wiring on contacts is critical issue for developing the transport maasmt systems
of graphene. There are popularly used methods for wiring on coriteditean contacts,
conductive silver pastes, and wire bonder. All the techniques lalitescontacts under
the experiment conditions. Figure 3-3 shows wiring on contacts suodias contacts
on the left and silver conductive adhesive paste on the right. To préeedamage of
sample and gold in-line contacts which deposited onto the sample, conductive sileer pa

is better candidate to prevent mechanical force applied when bonded.
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Figure 3-4 Whole view (a) & micro-view (b) of wiring contacts for Hall
measurements with wire bonder; it shows uniform currentflow and stable state
through the measurements, but the drawback is to introducethermal and

mechanical effects from its needles when it is bonded.

As shown in Figure 3-4 [54], wiring on contacts using wire bonder introsatxe
contacts for measurement systems to create uniform culognivith metallic contacts
such as gold and other conductive materials. However, for the graptgeet, when it
is bonding, thermal and mechanical effects from needles couldpbedh directly

through the sample to change the properties of the substrate significantly.
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Figure 3-5 Wiring for epitaxial graphene sample; four-contacts wee deposited with
electron beam evaporator (100 nm of gold and 20 nm of palladium). Thecontacts
were wired with silver conductive adhesive paste (from A# Aesar) between
contacts onto EG. On user bridge contacts, indium wire (1 mndiameter and
99.999%) was applied to introduce stable contacts. Under the E€ample, cigarette

paper was used to insulate electrically between the sample and board

In order to perform the four-point resistance measurements, felimeingold
contacts (3 nm Pd, 100 nm Au) were deposited by an electron legaporator
(Temescal BJD 1800 System) on the C-face of an EG substnaiena temperature as
shown in Figure 3-5. Then, the samples were wired with silver candwdhesive paste
(from Alfa Aesar). Between contacts onto EG and user bridgacsntindium wire (1
mm diameter and 99.999%) was applied to ensure stable contacts.thin&8& sample,
cigarette paper was used to insulate electrically betweesaimple and user bridge

board.
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Table 3-1 Resolution & Limits

Parameter Values

Current Limit +0.01 — 5000 pA
Power Limit 0.001 — 1000 pW
Voltage Limit 1-95mV

The user bridge board automatically adjusts the excitation ntuakeits active
channels to specify the maximum allowable current, power, and voftagehe
measurement as described in Table 3-1. For the whole meastsenfetransport
phenomena of graphene, values of 10 pA as current limit, 100 uW aslpoiyeand 10
mV as voltage limit were conducted for the highest resolutionthef transport

measurements after the optimization process.

3.2 Temperature Dependent Transport

The electronic transport properties of graphene are from theamisoh causing the
scattering of its charge carriers. Scattering may rdésgutt extrinsic sources such as as
charged impurities on top of graphene or in the underlying substsaéte56, 57],

corrugation of the graphene sheet [58], phonons in graphene [59, 60, 61, 62], or remote
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interfacial phonons in the substrate [62] although scanning probe napyostudies
show little evidence of intrinsic structural defects in thedatof graphene [63, 64]. The
formation of electron and hole puddles can further contribute tcegogttat low carrier
density [65, 66]. At low temperatures, near-ballistic transpatbminant [11]. When the
temperature is increased, the resistivity exhibits two distsehaviors, depending on

carrier density: metallic and semiconducting behavior [11, 67].

The chemical functionality offers an alternative approachh® dontrol of the
electronic properties of graphene; metallic, semiconducting, and tinguteepending on
the coverage of the sample [48, 49]. The temperature dependence séntpde
resistance was measured in the range from 2 to 300 K. Resistarsus temperature
dependencies are shown for the two graphene phases under study, @ugtine
functionalized, respectively. As shown in Figure 3-6, while “pristogr@aphene shows a
change from semiconductor-like to metal-like behavior at temperafuapproximately
150K, the functionalized sample acts like a “semiconductor” in thieeet@mperature
range. It can be seen that the functionalization of graphendsrasal more pronounced

semiconductor-like behavior over the entire temperature range.
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Figure 3-6 Resistance versutemperature for the pristine and functionalized stayes

of graphene; he values of Fp = R (T = 2 K) are approximately 231 and 7432 Ohr

for the pristine and functionalized stages, respeistely.

3.3 Magnetoresistanc (MR)

The magnetoresistan((MR) effect is a change ithe electrical resistancof a
substancevhen it is subjected to a magnetic field. The virepresents aSR/R, whichis
extremely small for most substances, even at higldsf, but is relative large (a fe
percent) for a strongly magnetic stances.The resistance of nickel increases abo
percentand that of iron about 0.3 percent when it passa®s the demagnetized to t

saturated stateThe effect was first discovered by William Thom (later aka Lord
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Kelvin) in 1856 [68], called ordinary magnetoresistance (OMR). Mecent researches
discovered materials showing giant magnetoresistance (GMRY ], colossal

magnetoresistance (CMR) [70], magnetic tunnel effect (TMR) [71], and others

The MR of graphene investigate the fact that the chemicatidumadity such as the
transformation of the carbon centers from sp2 to sp3 introduces magmetisthe MR
and a barrier to electron flow by opening a band gap with the covefdgactionality
onto the surface of graphene. Two distinct and superimposed MR nsuokarurther

referred to as negative and positive MR, respectively, are shown in graphglessa

Each of the two mechanisms is most pronounced in its own field anzktature
ranges. The first mechanism is a negative MR effedt aisharp peak at zero fields: the
resistance decreases as the magnetic field is incréds=degative MR effect resembles
the typical giant MR (GMR) effect as it occurs in granu&vR or layered multilayer
structures [72, 73, 74]. In this case, in the absence of an appdigdetic field, the
magnetization in adjacent ferromagnetic grains/clusterayard is antiparallel due to a

weak anti-ferromagnetic coupling.

For the pristine phase, the negative MR was detectable ordwaemperatures, up
to approximately 100 K while the positive MR prevailed at room teatpex. On the
contrary, the functionalized phase showed a stronger negative MRaglsoom
temperature. The negative MR as an indicator of an anti-panaifeaBgnment together
with the presence of non-zero remnant magnetization as wileberibed in Chapter 4

indicated that a mixed state that combines parallel and antigbamn alignments might
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be characteristic to the magnetic properties observed in théiolmized graphene

sample at room temperature.

Figure 3-7 shows the MR in an out-of-plane direction for a setinagbe¢eature values
from 2 to 300 K for the pristine and functionalized phases, respecti&slthe applied
field is increased, the magnetization in the adjacent regiogissgtiarallel. The resulting
reduction of electron scattering is reflected in the observed decreifgeresistance. The
above measurements indicate that for the “pristine” grapham@le the negative MR
effect is best observed in a relatively low-field fietohge, from -1 to +1 kOe, and at the
lowest temperature, 2K, and gradually disappears as the tempeagmincreased above

approximately 100 K. The value of the negative MR is approximately 1 % at 2 K.

The second mechanism is a positive MR effect, i.e. the restsianreases as an
external field is increased. It is displayed in the entiregpeature range of interest and
most distinguished at room temperature when the negative MR disspftezould be
observed that the effect reminds the magnetoresistance ini@eduactor with a single
carrier type for which the resistance is proportional te(l{H)’) where p is the carrier
mobility [75]. The main difference between the pristine and fundimeth phases is the
fact that in the functionalized case the negative MR effgmtasounced in a greater field
range and at higher temperature values. The noticeable fiagld dnthe negative MR
effect for the functionalized phase extends substantially above € Whklle the
characteristic temperature at which the MR changes from medatipositive is above

room temperature, compared to less than 80 K for the pristine phase.
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Figure 3-7 Out-of-plane magnetoresistance for a set of temperat values from 2 to

300 K for (a) the pristine and (b) functionalized phases.
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The MR curves at room temperature for a set of 11 values oftthadle, from O to
90° with a step of 19 respectively, which is defined as the angle between the nagnet
field and the normal to the graphene sheet, are shown for the pastrfenctionalized
phases in Figure 3-8 (a) & (b), respectively. These measmtenindicate significant
anisotropy of the MR signal, with barely any dependence at a 90edaggée equivalent

to the field in the plane of the graphene sheet.

48



5 =l ) o 10-:
1 . 20°
4- 1 » 30°
i 40°
« 50°
60°
« 70°
« 80°
« 90°

@ Magnetic Field (kOe)
a

] e 107
- 20°
+ 30°

40°
- 50°

60°
« 70°
] « s0°
1 - 90°

(b) Magnetic Field (kOe)

Figure 3-8 Anisotropy of in-plane (a) and out-of-plane (b) spin alignment
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To better understand the anisotropy effects in graphene samples, the
magnetoresistance was measured also in an in-plane diredti@nout-of-plane and in-
plane MR measurements for a set of temperature values ftor3@ K for the pristine

phase are shown in Figure 3-9 (a) and (b), respectively.
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Figure 3-9 (a) Out-of-plane and (b) in-plane magnetoresistme for a set of

temperature values from 2 to 300 K for the pristine phase.
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The key observation is the fact that in the in-plane direction tielynegative MR
effect is observed. Assuming the origin of the negative MR idaino that of GMR
observed in granular and layered magnetic structures, the dnetacfield at which the
MR disappears might be attributed to the field necessary teahswadupling between
adjacent magnetic sites from anti-parallel to parallel alignmentingtittis together with
the earlier discussed results from M-H measurements, weocetude that the magnetic
properties of the sample at room temperature are defined byea state that combines

regions with anti-parallel and parallel spin alignments.

Finally, it was observed that in the in-plane orientation, thetiveg®lR makes a
dominant contribution to the net MR while in the out-of-plane oriemabioth negative
and positive MR effects make essential contributions. The anisotdoggrved in both

MR and M-H measurements was associated with the 2D nature of the graphetueestr

3.4 Scanning Tunneling Microscopy (STM)

Understanding the role of defects such as functionality and witkehnanical defects
in the transport properties of graphene is important to realizamgon-based future
electronics. Using scanning tunneling spectroscopy, researcitels Have observed
guasipatrticle interference patterns in epitaxial graphene grownliconscarbide. The

study of scanning tunneling microscopy of graphene is extreim@lgrtant not only for
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figuring out the relationship between the origin of magnetism hadunctionality, but
electronic properties of graphene with functionalization in gen& under ambient
condition was performed by STM module from Veeco Instruments [07im&ge single
layer graphene and amorphous carbon films on conductive substrates utdemt am

condition Pt-Ir tips were employed.

From the theory, Scanning Tunneling Microscopy relies on tunnelurgert
between the probe and the sample to sense the topography of file. gaisharp metal
tip such as Pt-Ir and Tungsten, in this project, Pt-Ir is usethé STM probe. Then it is
positioned a few atomic diameters above a conducting sample wielgctscally biased
with respect to the tip. At a distance under 1 nanometer, a tunreeimgnt will flow
from the sample surface to the tip. When it is in operation, treJalages typically

range from 10 to 1000mV while the tunneling currents vary from 0.2 to 10 nA.

The tunneling current changes exponentially with the tip-samglaraton, and
typically it is decreasing by a factor of 2 as the sdpmaras increased by 0.2 nm. The
tunneling current] has a very important characteristic: it exhibits an expaagntdecay
with an increase of the gaplike 1= KUe *¥ where capital and lower case lettd¢sand
k are constant values and U is the tunneling bias. The exporretaigdnship between
the tip separation and the tunneling current makes the tunneling carrestcellent
parameter for sensing the tip-to-sample separation as shdvigure 3-10. In essence, a
reproduction of the sample surface is produced by scanning the tipthevesample

surface and sensing the tunneling current.
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&

Figure 3-10Brief principle of scanning tunneling microscopy system; tis could be
represented by the equation: | ~ KUe*® (where | = Tunneling current, U = Bias
voltage between tip and sample, k = constant, and d = tip-samplkeeparation

distance).

The sample is positively or negatively biased so that the tunnelingnt flows
when the tip is in contact to the sample. With the help of the tunnelingnt, the

distance between tip and sample is constant. If the tunnelingnt@xceeds its pre-set
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value, the distance between tip and sample is decreased. Meaifwhildls below this

value, the feedback increases the distance.

The tip is scanned line by line above the sample surface folldlwentbpography of
the sample. The reason for the extreme magnification capegbilit the STM down to
the atomic scale can be found in the physical behavior of the tunreelingnt. The
tunneling current flows across the small gap that separatép fhem the sample, a case
that is forbidden in classical physics but that can be explaingdeblgetter approach of

guantum mechanics: the electrons are “tunneling” across the gap.

Therefore, very small changes in the tip-sample separationdardtge changes in
the tunneling current. This has the consequences that the tip-sampg@iatise can be
controlled precisely and the tunneling current is only carried by the outeatoos of the
tip. The atoms that are second nearest carry only a neglagimdeint of the current. So,

the sample surface is scanned with a single atom theoretically.

As shown in Figure 3-11 [78], STM consists of scanner and conted#etronics.
From the fundamentals of STM as discussed, it basically altbesanvestigation of
electrically conducting surfaces down to the atomic scale s&hwle under the STM is
scanned by a very fine metallic tip which is mechanically com@deto the scanner,
positioning device followed by Cartesian coordinates realizechdgns of piezoelectric

materials.
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Figure 3-11Apparatus of scanning tunneling microscopy system from Veeco [78]

The NanoScope STM is a digitally-controlled instrument capablecafuging high
resolution, three-dimensional images. The sample is held in positiba avpiezoelectric
crystal in the form of a cylindrical tube scans the sharp fitepaibbe over the surface in
a raster pattern. The digital signal processor (DSP) calculatessineddeeparation of the
tip from the sample by sensing the tunneling current flowingdsen the sample and the
tip. The bias voltage applied to the sample encourages the tunneliegtdorflow. The
DSP completes the digital feedback loop by outputting the desiredgeotta the

piezoelectric tube.
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Figure 3-12 Scanning Tunneling Microscopy of graphitic films surface

The topography of graphitic films was shown in Figure 3-12. Inrthedler region of
the surface, the layered graphitic films were clearly olesemwith the much higher
resolution. Only topography is shown in this dissertation since #®aneh is still under
confidential issue with spectroscopy studies such as local defistate and local I-V
characteristics of functionalized graphene. After it isreléait will be reported in future

communications with the current findings.
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4. Magnetism of Graphene

4.1 Introduction

Conventional wisdom believes “magnetic materials have to contaie soetallic
atoms with partially filled d- or f- orbitals.” However, thesdovery of a type of pure
carbon that is magnetic at room temperature in 2002 [79] is bound te aovitroversy.
Then, so far theoretical researches predict a whole spectromagrfetic phenomena in
graphene including several mechanisms for intrinsic ferromagmetnd spin-ordering
effects that arise due to the nature of its dimensionality.edew none of these effects
has so far been explored experimentally. However, recent studies #atw
ferromagnetism of graphene itself and the chemically moddieghphene by covalent
attachment of aryl groups to the basal plane of carbon atomsowasd. fEpitaxial

graphene with functionalization form may make a role of magnetic semiconductor

The existence of spin ordering in graphene will have importantagatjns not only
for understanding this remarkable material with chemical fundteaten form, but for
its various applications: magnetic semiconductors and the fieddiotronic devices such
as new information processing and data storage devices. With uhesaventional
materials such as fullerenes, bulk graphite, and graphene, femetisag has been
detected in spite of the absence of atoms that have non-zdrspiotabut the findings
remain highly controversial and there are many uncertaintigiedeto the experimental
system with and/or without any crystal defects and imparitiéerefore, it should allow

clear answers to questions related to magnetism in other geaphterials, in which the
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inevitable presence of impurities and imperfections can obscutesvitience or lead to

artifacts.

Here, the VSM measurements made it completely to pull ouheti@gproperties of
pristine and functionalized graphene samples. The charactesistipe of the M-H
hysteresis loops indicated contributions from both ferromagnetic arfdraothagnetic
regions, with the preferred easy axis normal to the plane of the graphenersbesr to
support the bulk measurements, low density functionalized samplesateinic force
microscopy (AFM) and magnetic force microscopy (MFM) nueasients were
examined by as-developed high sensitive probe and found that it coullirelodly
correlated with the chemically functionalized regions to the haisily magnetic
regions of the graphene layer. Optimal micro-optical Kereat$f microscopy (MOKE)
system (MOKE) to study the local spin polarization will be assed about the chemical

functionalization of this carbon material.

4.2 Bohr Magneton of Carbon Atoms

In quantum mechanics, the Bohr Magneton is used for a physicetant of
magnetic moment of electrons per single atom. The Bohr Magnetah wghexpressed
as ‘Ug” is natural unit for expressing an electron magnetic dipole embnAn electron
has intrinsic magnetic dipole moment of approximately one Bohr btagn[80]. The
study of Bohr Magneton of single carbon atom is critical becawa# verify how many

Bohr Magneton single carbon atom contains.
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Bohr Magneton Calculation of graphene structure is started fierarit area of the

carbon atoms as shown in Figure 4-1.

-2 15 2
= a =381x10"atoms/cm
3{~2

3
where a is the carbon-carbon
bond length in graphene (a =

0.1421nm).
The effective magnetic moment per
carbon:
The standard length of C-C bond |a|
=|b| =1.421 & Hett = Moyt x V/Ne = 9.2 x 1022 emu =
0.1 g

Figure 4-1 Chicken wire shape made of carbon atoms and C-C bdrof graphene;

the concentration of carbon atoms in unit area are is 3.81 x Iatoms/cnf.

From the magnetization value, the sample area, volume and the nunchdoan atoms
in the functionalized monolayer should be calculated in advancecdrreentration of
carbon atoms per unit area is given hy=0(4/3"%) a = 3.81 x 1&° atoms/crh, wherea

is the carbon-carbon bond length in grapheme= (0.1421nm) [81]. The area of the
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sample is given bj = 0.371 cr, where the functionalized monolayer covers all surfaces
of the 0.45 x 0.35 x 0.035 énof Silicon Carbide substrate. Thus, the volume of the
functionalized EG sample ¥ = 1.3 x 10 cnt, where the thickness of the layer of
functionalized carbon is taken to be 0.35 nm; the number of carbon atomsaictitiee
layer isNc =Cc x A=1.41 x 168 A representative value of the saturation magnetization
of functionalized graphene at room temperatur®is = 1.3 x 16 emu and thus, the

effective magnetic moment per carbon is giveruhy= MsafNc = 9.2 x 162 emu = 0.1

HB.

Considering that there are approximately five carbon atoms pepimémnyl group in
functionalized graphene [48, 49], each functionalized site contributes apptely 0.5
Mg to the sample magnetization. It is important to note that based estiemate of $otal
layers of graphene in the pristine EG sample and a represemaltiecof the saturation
magnetization for EG d¥ls.; = 0.3 x 1& emu, the effective magnetic moment per carbon
atom in EG ispes ¥ 0.005 uB; thus functionalization increases the magnetism of the
graphene carbon atoms by a factor of 20 although impurities could eatheled as the

origin of the very small signal in pristine EG.

4.3 Vibrating Sample Magnetometer

Vibrating Sample Magnetometry (VSM) experiments of graphene toed
interactions between single layer of graphene and ferromagnatérials such as Cobalt

are done by the Quantum Design VSM option for the Physical Ryopkasurement
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System (PPMS) [82]. VSM option is a fast and sensitive DCnetagheter. The basic
measurement is accomplished by oscillating the sample neae&iatcoil, which is
called as pick-up coil, and synchronously detecting the voltage indugedisiBg
compact gradiometer pickup coil configuration, relatively large lasich amplitude (1-3
mm peak) and a frequency of 40 Hz, VSM is able to resolve magteh changes of

less than 18 emu at a data rate of 1 Hz.

As shown in Figure 4-2, PPMS consists of Probe and dewar jacketsat
Nitrogen and liquid Helium outside of the probe. PPMS Probe consists of
superconducting solenoid Magnet which could be reached up to 14 T, theenceneit
others as indicated below. VSM consists primarily of a VSMdr motor transport for
vibrating samples, a coil set puck for detection, electronics feindrthe linear motor
transport and detecting the response from the pickup coils. MultiVuaeftapplies for

automation and control.
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PPMS PROBE

Magnet

Thermometer

Sealed sample space

Cooling annulus

Puck

Heaters and thermoters (2)

Dual impedance system

Figure 4-2 VSM system for the PPMS: PPMS probe (L) image andetailed cross
sectional view of the probe. PPMS probe consists of superahrcting solenoid
magnet up to 14 T. VSM linear motor module (R) and pick up cdset on the bottom

[83].

Although VSM is commercially available system, the obstaamteshow to operate it
with highest sensitivity to pull out magnetic signal of the sasplrecisely so that the
physical phenomena of graphene with VSM could be clearly obtaingee block
diagram of VSM is shown in Figure 4-3. A dipole moment will be induta sample of
any material is placed in a uniform magnetic field, createtivéen the poles of an
electromagnet. The sample will start to vibrate with sirdedanotion and a sinusoidal

electrical signal can be induced in suitable placed pick-up. ddiks signal has the same
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frequency of vibration and its amplitude will beoportional to the magnetic mome
amplitude, and relative position with respect he pick-up coils.The Model 600(
controller manage sample space, annulus vacuungrdgas, vacuum pump, and mag

power supply.
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MUIF
. ‘ sample

sampie ]

Vsample(ti me) CO”
I o I o— PC
coil @ sample
Magnetic moment : Magnetic moment:
m= (Vsample/ Vier) Myt m= Vsample/ (CAo)

Figure 4-3 VSM block diagram; the comparison between Foner VSMwhich is

traditional VSM (L) and VSM from QD for this project (R) is shown

The sample is fixed to a small sample holder |lataethe end of a sample r

mounted in anelectromechanical transducer. The transducer igenriby a powe
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amplifier which itself is driven by an oscillator at a freqay of 40 Hz. Then, the sample
vibrates along the Z-axis perpendicular to the magnetizing fidié. latter induced a
signal in the pick-up coil system that is fed to a differergraplifier. The output of the
differential amplifier is subsequently fed into a tuned amplified an internal lock-in
amplifier that receives a reference signal supplied by thdlatec The output of this
lock-in amplifier, or the output of the magnetometer itself, BCasignal proportional to

the magnetic moment of the sample being studied.

The samples were mounted on the quartz paddle holder for In4RkasIrements
with GE-7031 varnish to withstand thermal cycles from the measmtsmTo optimize
the touchdown process, the samples were mounted with the off88tmafn from the
bottom. For Out-of-Plane measurements, quartz holder with GE-7031 vamsshsed.
Background magnetic measurements were checked for empty h@ddrsSilicon
Carbide. 3 kOe and 6 kOe of field with 10.13823 Oe/sec of sweep eatcapplied for
In-Plane and Out-of-Plane measurements, respectively. FrorBaDtK, the sample was

installed in the PPMS chamber and the field dependence of magnetization asasade

With the goal to eliminate the contribution into the vibrating samupdgnetometry
(VSM) signal of the effects due to substrates and sample holtersfollowing
measurement sequence was applied. First, after SiC backgroundrensas, SiC
substrates (on which graphene layers were epitaxially grown) ajedenegligible
magnetic signal. Then, M-H loops for the graphene in the pristage were performed.
To find the magnetization, total volume of the sample was calduta the number of

carbon layers (5 to 10 depending on a sample). Finally, MH-loopsdaatime graphene
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sample after the chemical functionalization were meas@&echuse the functionalization
affects the top surface only, the change in the magnetialsogcurred only due to the
top graphene layer. To find the signal due to the functionalizeéoh;ggwas subtracted
from the net measured signal due to the pristine stage, as ifouhd previous step.
Finally, to eliminate the possibility of iron based impurities,a@aducted an EPR study

which confirmed the absence of iron compounds.

The derived from M-H loops temperature dependence of the saturation
magnetization for the functionalized sample is shown in Figure Bhé. irregular
temperature dependence also indicates the presence of antifgmatizaly coupled
regions for the two NP-EG functionalized samples; apparently tine @&mperature of

NP-EG is above room temperature.
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Figure 4-4 Temperature dependence of the saturation magnetizan per carbon

atom expressed in Bohr magneton for two different functionalized graphee.

The measured magnetization-versus-field (M-H) hysteresis lobpstemperature
range from 2 to 300 K for the two key orientations of the magniefid, fin-plane and
out-of-plane, respectively. Both in-plane and out-plane measurements shovaaye
small value for the saturation magnetization for the pristingestdn the entire
temperature range under study, the saturation magnetization leas bemu/cc. The
functionalization boosted the value above 100 emu/cc at room temperatlaaesdlt,

the signal in the pristine stage appeared negligibly samallhe scale suitable for the
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functionalized stage. Therefore, in Figure 4-5 (a), the tissdrow a magnified view of
the respective M-H loops in the pristine stage. The summarMhhtyloops at a set of
five different temperature values, 2, 10, 40, 250, and 300 K, respectivelyefor-plane

measurements at the pristine (a) and functionalized stagesdbbihe out-of-plane (c)

measurements at the functionalized stage are shown in Figure 4-5,ivebpect

The room-temperature value of approximately 100 emu/cc for the tsatura
magnetization corresponds to approximately @ {(Bohr magnetons) per carbon atom as
described in Section 4.2. Considering that there were approximatelgdrbon atoms
per one functionalized entity, each functionalized site contributédapproximately 0.5
Mg. For comparison, for the ferromagnetic iron, the saturation maghetiz is

approximately 2.2 gtper atom.
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Figure 4-5 Overall M-H hysteresis loops at a set of five temperature vas, 2, 10, 4C
250, and 300 K, respectively, for (a) thin-plane measurements at the pristine stac
(with inserts’ scale magnified 50 times) and (b) th functionalized stage and (c) th

out-of-plane measurements at the functionalized stac

Another observation relates to the type of the -range magrem ir the sample
under study. Asndicated inFigure 4-5 (b) and (¢)the presence of antiferromagne
regions may & significant. The i-plane measurements show hysterésops similar tc
typical loops for normal either ferromagnetic otifemromagnetic material, with son

remnant magnetization and an “easy” axis norm#tégplane. However, the -of-plane
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measurements display no significant remnance and show double loopal tigi
antiferromagnetically coupled materials with the “easysaormal to the plane. These
will illustrate the sequences of the spin switching (in the emtimagnetic region) in

later chapter, as the field is applied in in-plane and out-of-plane directiopsctigsly.
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Figure 4-6 M-H hysteresis loops of In-Plane measurement at set of four
temperatures, for (a) pristine EG, (b) functionalized EG and (c) functionalized EG
after subtraction of the magnetic moment of pristine EG. Gay lines show M-H

loops after smoothing.

71



(@) ) (b) 2 (c)

T WL
P A 1 W:.':s-‘ﬁﬁﬂ:#ﬂ‘r"‘”" S R | %,'d'n;«,l‘g’muwu“l
S ule [P TRy /e J‘”"W 1@““1‘ ok
ALY ] _ ! f
0 L1y f%ﬂf‘*"‘ s 0 il 0 N Ly IKW
bl 1kt i LA g L 1 wm’f:
Iy 1 s ""lv‘vv%f*fu'""'(g""w
5 : i B
-3 0 3 5 -3 0 3 5 -3 0 3
= 2
= e 'M‘”yu"u“i‘-M‘M. Mkl Ag«Ml\.
= 40K N i 40K " mﬁ{;ﬁ)‘iﬁ'v;%},’ "«W’ﬂ 1 40K ‘ y ﬁ{w’:ﬁé‘ﬂ 2t me
@ T ikl il P
O 0 it ) ‘ﬂﬁrﬂ‘ﬂ'ﬂ‘"m 0 e ,“" 0 w'.‘ da
S P Pl s
SR Tusnludett 1P |
| Al vl "y {
~ 2 i . i . 2 va]’l“‘w | . . . -2 L . i :
c 3 0 3 -3 0 3,3 0 3
£ 2 2 2 MA‘MM
£ 150K PR Wwwmwﬁ ] M‘"‘**M“h”%m""
. i LT " " N
= 0 4ot i %MW 0 I If’fﬁ"" 0 W;"g‘ ;w?wlf i
2 \WM:L'!%WWW;' l‘ Jﬂﬁq}ﬂ"'f‘ "‘ Lo gl
= ) i 1 mﬂhﬁh’,‘.‘«”nﬁw At - ﬁ‘"fﬁﬁ"f%" ﬁ' AT
T Ik v 'ww it
= T T '2 WJ ’,ml‘ i T T T _2 T T T T
o ) A : :
g | : T il ] 2 MM.HMMJ
M 300K Jha ull “EMQ”% " b fﬂ'wwlwl)}ﬂm’
MMLLJ.M“_I_, W'u,l“,’?"'ﬁ"'ﬂl Wq‘ﬂw b il i “1”1 1"
2 Mé-.mw-gnq«w"-1 ! 0 nE£MWM" Ul I 0 | h '“Tgim }
T T
I ‘W""l“"l’W' WYW‘WW‘[
o T . .

3 3 0 3 3 o 3
Magnetic Field (kOe) Magnetic Field (kOe) Magnetic Field (kOe)

Figure 4-7 M-H hysteresis loops of In-Plane component at fouemperature ranges
for a different sample. (a) pristine EG, (b) functionalizedeG, and (c) functionalized
EG after subtracting the magnetic moment of pristine EG.Gray lines show M-H

loops after smoothing the noise.

The detailed M-H loops for the in-plane measurements of theneri¢gG) and
functionalized (NP-EG) samples are shown in Figures 4-6 and 4-Fj-thdoops were

obtained after linear subtraction of the diamagnetic background sighal in-plane
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measurements show hysteresis loops with some remnant matmetindich are
characteristic of a mixed state of ferromagnetic and ardifeagnetic coupling. The in-
plane measurements showed a relatively small value for thesan magnetization of
the entire pristine (EG) sample over the full temperatureerdhg < 0.5 x 1¢ emu),
whereas functionalization of the topmost monolayer increased the ebsagnal to M

> 1 x 10° emu over the entire temperature range.

In summary, the most important observation from the described measusasithe
strong effect of functionalization on the magnetic properties of »agilya grown
graphene. After the ultra-high-density chemical functionalizagoaphene samples not
only became semiconducting at room temperature but also displayeddnsity room-
temperature magnetism, with the saturation magnetization of 0.1 rBagnetons per
carbon atom. The anisotropic magnetic properties (with the antifagioetic “easy” axis

normal to the plane) may be associated with the 2D nature of graphene samples.

4.4 Magneto-Optical Kerr Effects

The idea of Magneto-optic Kerr effect (MOKE) microscopyosietect the changes
of laser which is reflected from magnetized media. Both palaoiz and reflectivity
could be changed from the reflected laser beam from a maghstidace. Kerr effect is
identical to the Faraday effects which are a measurememteoftransmitted light.
Meanwhile, the magneto-optical Kerr effect is a measureofahe reflected beam. Both

effects result from the off-diagonal components of the dielectric tensor
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MOKE can be categorized by the direction of the magneatizatector with respect
to the reflecting surface and the plane of incidence suclpadar, longitudinal,
transversal, and focus MOKE. MOKE is the key operation principlaagneto-optical
drives and is called as Kerr microscopy to visualize the ntiggdeemain structure of a
sample. Kerr microscopy is an optical light microscope withdtitianal polarizer and

an analyzer to obtain a different contrast from different magnetic or@mtati

When the magnetization vector is perpendicular to the reflectioacguaind parallel
to the plane of incidence, the effect is called the polar K#act. To simplify the
analysis, near normal incidence is usually employed when doingireepés in the polar
geometry. P-MOKE stands for perpendicular or polar (out-of-plase)pposed to
longitudinal (in-plane) L-MOKE. The schematics of P- and L-M®l&re shown in

Figures 4-8 and 4-9, respectively.
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Figure 4-8 Schematics of Polar MOKE; the sample is located inside ¢

electromagnet (yellow color)

The laser idirected to the sample located between thes of anelectromagnet
which could reach up to .. Standard two-mirror setugs shown in Figure-8, allows to
adjust both lasemposition and angle of incidence (in both verticald ahorizonta
directions) to ensurthe laser focused by the lens and pasghrgugh a sme hole into
the electromagndteforelaser touch the sample. The lasepolarized eithe vertically or

horizontally by an adjustak 90° polarizer. The reflected lasepasses through the le
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again, and then it is being deflected toward: photoelastic modulatc (PEM), the 45°

polarizer, and thdetecto.

EE—
PEM
LASER
Polarizer 45°

Mirror
Lens

\

- Detector

Figure 4-9 Schematics of Lateral MOKE; Polarizer 90° is located between mirrot

and sample (Blue box).

For L-MOKE setup, the magnetization vector is parallel to both tleélection

surface and the plane of incidence. Tongitudinalsetup involves las reflected at an
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angle from the reflection surface. Linearly polarized lasecident on the surface,
becomes elliptically polarized with the change in polarizatioaectly proportional to the
component of magnetization - that is parallel to the reflecticlaceitand to the plane of
incidence. This elliptically polarized laser has two perpendidtbhagctors, called as the
standard Fresnel amplitude coefficient of reflectiomnd the Kerr coefficients. The

Kerr coefficient is typically much smaller than the coefficient ofecfbn.

MOKE of graphene is important study because it could be possibleen the ways
to observes optical effect and magnetic effect simultaneoualserLdetects the spots
with different coverage of functionality. Because of the trarspey of graphene,
transmitted P-MOKE set-up needs to be applied as shown in Hgli@e The laser
passes all layers just once so that the resulting signal is pooabrto the total magnetic
moment from all the layers. The focused laser convergestimedocusing point of the
objects (a con-focal configuration) in order for the lasexibon the opposite side of the
magnet without disturbance of laser from the walls of the ntadneear Faraday

background signal created by the substrate is always present to be subtractards.
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As shown in Figure 4-10, the presence of antiferromagnetic regimms be
significant for out-of-plane measurements to show hysteresis lsiopkr to typical
loops for normal either ferromagnetic or antiferromagnetiterrad, with some remnant
magnetization. The sequences of the spin switching in the amtifagnetic region might
be expressed as the field is applied in out-of-plane direction. Itatedi different

functionalities represent independent magnetization of the material.

4.5 Magnetic Force Microscopy

A magnetic force microscope is utilized from atomic forcecroscopy
configuration. Unlike contact & non-contact mode AFM, a magnetigedstused to
study magnetic materials, and thus the magnetic interactiongdretip and sample are

detected. The magnetic force between sample and tip is described as follows:

F :yo(rrn-v) H (4.1)

u (O U}
wherem is the magnetic moment of the tib, is the magnetic stray field from

the sample surface, ang, is the magnetic permeability of free space.
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Since the magnetic stray field from the sample can affecthtagnetized state and
vice versa of the tip, interpreting the magnetic information ftbenMFM measurement
is needed. For instance, because of the nature of MFM to dedgcietic force gradient,
the configuration of the tip magnetization must be known. Typical ugsolof 30 nm
can be achieved although resolutions as low as 10 to 20 nm are attafglatential
method of increasing the resolution would involve using an electromagnite oiip
instead of a permanent magnet. Enabling the magnetic tip ordp wlaced over the

pixel being sampled could increase the resolution.

AFM /| MFM experiments were performed with a Dimension 3100 sy$82l]. The
procedure of MFM imaging utilizes the Interleave and LiftMagigion. A tapping
cantilever equipped with a ferromagnetic tip is first scanned thes surface of the
sample to obtain topographic information. Then, using LiftMode as shovangure
4-12, the tip is then raised just above the sample surface. Theestwfzography is
scanned while being monitored for the influence of magnetic foftese influences are
measured using the principle of force gradient detection. Inalisence of magnetic
forces, the cantilever has a resonant frequefcihis frequency is shifted by an amount
Af proportional to vertical gradients in the magnetic forces lentip. The shifts in
resonant frequency tend to be very small, typically in the rarg@ Hz for cantilevers
having a resonant frequency+ 100Hz. These frequency shifts can be detected three
ways: 1) phase detection, which measures the contilever’'s phaseillation relative to
the piezo drive; 2) amplitude detection, which tracks variations itladgmn amplitude;

and 3) frequency modulation, which directly tracks shifts in resonaquéncy. Phase
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detection and frequency modulation produce results that are genesatlyother than

amplitude detection.

Before the MFM measurements, the tip should be magnetizadavatrong magnet
before installing the tip holder on the AFM head. Tips are usuadignetized with the
field aligned along the tip axis which is perpendicular to timepda surface. Then, the
MFM senses force gradients due to the perpendicular component antipdes’ stray
field. For the higher sensitivity, electromagnet should be usethédomagnetization of

the tips.
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Magnetic Fields

1&2  Cantilever traces surface topography on first trace and retrace.
Cantilever ascends to Lift scan Height.
4&5  Lifted cantilever profiles topography while responding

to magnetic influences on second trace and retrace.

L8

Fesdback Loop Electronics: | NanoScope lila
Maintains Constant Oscilation Amplitude | Controller
Electronics
[] Laser e
|

Detection Scanner
Electronics
Measures
Ampiitude -
Sonai
Split - !
Photodiode - Cantllever&Th |
Detector ~

Figure 4-12 The Principles and Schematics of magnetic force micrasggy

To detect adequate magnetic sensitivity and eliminate el@ctrltarge effects,

graphene sample was mounted as shown in Figure 4-13. From the libgagigss for
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isolation and magnets to generate uniform magnetization weredplaspectively. Then
for electrical isolation, another glass substrate was placedlmtmagnet and graphene
was on top of the systems. For local electrical isolation, samate grounded. From
optimization process, the measurement system shows adequatdicnagnsitivity to
detect and distinguish different magnetic phases with edattsolation from the surface

of the sample to minimize the sensitivity to electric charge effects.

Figure 4-13 The experimental set-up for MFM study of graphene
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During experimental measurements, non-contact mode AFM was useHARor
experiment, a magnetic probe which will be described laperttey fabricated onto PPP-
FMR-50 from Nanosensar$) with a resonant frequency 45-115 kHz was used [85].
MFM measurements were performed in a dynamic lift-moderatipa at a lift-off
distance of 30nm over the sample, which was optimized in order to ereithec
topographical interference and prevent false imaging. All oreasents were taken

under open environment and at ambient conditions.

In order to further investigate the nature of the induced magnetsneffect of the
chemical functionality on the EG surface in a combined AFM andMitudy was
performed in order to correlate the functionalization with the pronouimmzrdase in
magnetism. Simultaneous measurements of the images could matshstreed local
magnetic properties with the surface topology of the EG. Theta right images in
Figure 4-14 show AFM and MFM images, respectively, of a graphegien including
patches of functionalized NP-EG. The average height of the funictedgatches was
found to be approximately 1 nm; the dark color of the functionalizedheatin the MFM
image indicates a relatively strong magnetic moment isetliegions. The graphene in
these patches acts as a soft magnetic material relatthe field generated by the probe
(of the order of 2 kOe). It may be noted that the (apparentishrne areas also shows
non-zero magnetic moments in certain regions, though the signidlese areas is

substantially weaker (by a factor of 10) than the signal in the functiedadizas.
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Figure 4-14 (left) and (right) show AFM and MFM images of a micron surface
region with functionalized and pristine regions; the average thickness of tt

functionalized patches is approximately 1 nn

As shown inFigure 4-15, AFM (L) and MFM (R)images, respectively, of
graphene regioshow otherpatches of functionalized NP-EfBom another grapher
sample. Also, theaverage height of the functionalized patches wasnhdoto be

approximately 1 nm.

86



Figure 4-15AFM (left) and MFM (right) images of a functionalized surface regior
in sample B. The average thickness of the functiohiaed patches is approximately :

nm.

As shown inFigure 4-16, AFM (L) and MFM (R) imags for a pristine graphe,

respectivelyessentially no magnetic signal could be dete

Figure 4-16 AFM (L) and MFM (R) images of a 5um region of pristine EG.
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In designing and fabricating the MFM probes <ble for this studythe following
guidelinesshould be performe (i) the probes should have adequate magnetictseys
to detect and distinguisthfferent magnetic phases; (ii) the probes shoe electrically
isolated from the surface of 1 sample to minimize the sensitivity to electric ade
effects [86] (i) the probe material should he the lowest possible conductivity

minimize the electric charge effec

Si Probe €

MgO (8 nm) ANANAN
Co (65 nm) : AN
MgO (20 nm) <€ AN

Figure 4-17 Tip composition for MFM of Graphene

Thus, thefollowing procedurewas doneto coat the silicon probe through spu
deposition: Siprobe)/MgO(8nm)/Co(65nm)/MgO(20n as shown inFigure 4-17. All
the layers were deposited at 5 mtorr Ar processing pressure with a sample rotatio

about 30 RPM (for complete and unifc coverage of the cantilever). The MgO and
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layers were sputter deposited with 270W RF and 57W DC power, tegheclo ensure
complete coverage of the front side, the cantilever was placed siickg/dry gel

platform.
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5. Conclusion

5.1 Concluding Remarks

This work focused on the development of finding magnetism of graphene and
showed the possibility of room temperature semiconducting ferroriisigneChemical
functionalization with nitrophenyl group indicates both semiconducting and
ferromagnetic behavior. The ferromagnetism is mixed sthtéerromagnetism and

antiferromagnetism.

From the transport studies, the temperature dependency of grapheimevestigated
for finding chemical functionality induced semiconducting origin. Second,
magnetoresistance of pristine EG & functionalized EG showedeastddR mechanism.
Two distinct and superimposed MR mechanisms was found: first, Rositive MR:
(1+(uHY) like behavior which is semiconductor with a single carrier tygeere p:
Mobility and H: Magnetic flux density and the second is Negative MR whiattributed
to a giant magnetoresistance effect due to the antiferroniagmédering of local spins.
Functionalized EG showed negative MR is dominant in whole tempenange and

positive MR saturates at higher field instead.

In conclusion, theoretical and experimental works and current reisulisated
chemical ordering induced ferromagnetism which might be mixad sf ferromagnetic
and antiferromagnetic behavior. The correlation between temperakependent
resistance, negative MR, positive MR, and M-H hysteresis lodpswvss the

semiconducting origin of ferromagnetism. The position of the semiconducting eyergy
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and the electron effective ns are strongly spin-dependenowl negative fielc
dependence narrowtbe semiconducting energy g This impliesthat MH hysteresi

loops might be associatevith the semiconductinchase.

From M-H hysteresis loops resultFigure 5-lillustrateshe sequences of the sj
switching in the antiferromagnetic region, as tieddfis applied in i-plane and out-of-
plane directions, respectively. Here, it is assuiiad the “easy” antiferromagnetic a:
is directed normal to the plane. These two loopeed ook like the measured -H

loops.

MT 1t

™
J . ! H
] 2 1
= )
(a) (b) b

Figure 5-1 Schematics to illustrate the sequences of the spswitching (in the

AN
Y
= |

antiferromagnetic regions), as the field is appliedn (a) in-plane and (b) ou-of-plane
directions. The “easy” axis is assumed to be normab the plane.The red and blue
lines show the sides of the loop in the forward andeverse direction of the field,

respectively.
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Through vibrating sample magnetometry measurements in a temrpearange from

2 to 300 K, after chemical functionalization, epitaxially growrnpbene samples became
room-temperature semiconductor as well as displayed high-demsggetism, with the
room-temperature saturation magnetization of the order of 0.1 Bobnetwms per
carbon atom. In addition, the characteristic shape of M-H hgséel@ops indicated a
significant  contribution of antiferromagnetic regions, with the prete
antiferromagnetic “easy” axis in the normal to the planesction. The observed
anisotropy of the magnetic properties with the two-dimensionalaafugraphene sheets

was found.

From MFM study, the high density magnetism in the graphene shigetegions
which is coupled both ferromagnetically and antiferromagneticaiyned spins was
indicated from the high density functionality patches. It mighinoeeased with high-
density chemical functionalization of the EG samples. Room temoperierromagnetic
semiconductor with a saturation magnetization of ~@ Jo¢r carbon atom (0.5gpper
functionality) would be possible from the results. The observed MiRated field
suppression of the spin-dependent scattering at grain or domain bour@arbes atom
layers with chemical functionalization shows a granular stracuad functionality insert

ferromagnetic origins significantly which enhances the negative MR.
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5.2 Directions for Future Applications

This work has explored the semiconducting ferromagnetism of graphwéhe
functionalization. From the MR signals of the out-of-plane and ingoptaomponents, the
anisotropy of spin alignments are observed. These highly anisotragioetic properties
might be associated with the 2D nature of graphene samples. Tow&yds
semiconducting ferromagnet, it would be possible through Aryl radicaitibnalization
of epitaxial graphene since the electronic & magnetic priggedepends on the coverage

of chemical functionalization.

Signal A=InLens EHT=20.00 kv
Mag= 176KX WD=22mm | TitAngle= 600

Figure 5-2 Local 4-Probe Measurement tips (L) with localiéld generator (R) via

scanning probe microscopy.

Critical Research Fulfillments for the future studies includagmetism and

semiconducting properties of functionalization induced graphene based covdrage
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of chemical functionality. The dependency of the degree of fundityprehould be
studied to find the nature of magnetism and semiconducting originh@vegnsin Figure
5-2, local 4-Probe Measurement for local magnetic fields tolfioal MR effects could
be investigated. Also, it is special time to pioneer deviceidation of graphene

magnetic semiconductor. Last, strength of materials studhedd be done via tribology

research of chemical functionality and graphene itself.
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