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Graphene, a single two-dimensional sheet of carbon atoms with an arrangement mimicking the
honeycomb hexagonal architecture, has captured immense interest of the scientific community since its
isolation in 2004. Besides its extraordinarily high electrical conductivity and surface area, graphene shows a
long spin lifetime and limited hyperfine interactions, which favors its potential exploitation in spintronic and
biomedical applications, provided it can be made magnetic. However, pristine graphene is diamagnetic in
nature due to solely sp? hybridization. Thus, various attempts have been proposed to imprint magnetic
features into graphene. The present review focuses on a systematic classification and physicochemical
description of approaches leading to equip graphene with magnetic properties. These include introduction
of point and line defects into graphene lattices, spatial confinement and edge engineering, doping of
graphene lattice with foreign atoms, and sp® functionalization. Each magnetism-imprinting strategy is
discussed in detail including identification of roles of various internal and external parameters in the
induced magnetic regimes, with assessment of their robustness. Moreover, emergence of magnetism in
graphene analogues and related 2D materials such as transition metal dichalcogenides, metal halides,
metal dinitrides, MXenes, hexagonal boron nitride, and other organic compounds is also reviewed. Since
Received 20th October 2017 the magnetic features of graphene can be readily masked by the presence of magnetic residues from
DOI: 10.1039/c7cs00288b synthesis itself or sample handling, the issue of magnetic impurities and correct data interpretations is
also addressed. Finally, current problems and challenges in magnetism of graphene and related 2D

rsc.li/chem-soc-rev materials and future potential applications are also highlighted.

of solids. However, in the late 1980s, it was speculated that
compounds which are made up of non-metals only (ie., C, O,

1. Introduction

Over the past one hundred years, most of the solid-state
magnetic phenomena and features, occurring at both macro-
scopic and nanoworld levels, have been thoroughly described
experimentally and theoretically for compounds with 3d- and
4f-block elements addressing the origin of magnetism, its
quantum nature, essence of magnetic ordering, and various types
of magnetically self-sustainable regimes (i.e., ferromagnetism,
antiferromagnetism, ferrimagnetism, etc.). To widely recognize
the significance of magnetic phenomena and their numerous
applications, the 1970 Nobel prize in Physics was awarded to
Louis Néel for his pioneering studies on the magnetic properties
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H, N, and P) could have shown magnetic ordering and, hence,
self-sustainable magnetism. Such compounds must have an
unpaired p electron and, hence, must show features of an
organic radical; they represent a new class of magnetic sub-
stances termed organic magnets. In 1991, p-nitrophenyl nitronyl
nitroxide (p-NPNN) was the first example of an organic magnet
with ferromagnetic (FM) properties below 0.65 K. Despite the
diversity of organic chemistry, there exist only a few purely
organic compounds with unpaired p electrons and magnetic
moments that can magnetically order, but only at low tempera-
ture. Thus, with the discovery of fullerenes® and, especially,
carbon nanotubes,’ the attention of the scientific community
searching for magnetically active organic materials was shifted
to carbon (nano)allotropes.

Carbon is the building block of all the forms of life on Earth
and is the fourth most abundant element in the solar system.
The ground-state electronic configuration of carbon is given by
15?2s%2p?; carbon can form single, double or triple bonds with
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another carbon atom. However, it is known that carbon, despite
having two unpaired spins in the outer p-shell as an isolated
atom, is diamagnetic due to the nature of bonds that are
established between the carbon atoms. In particular, adopting
the concept of molecular orbital theory (see Fig. 1), four
electrons are paired in the carbon n-bonding orbital. In other
words, carbon always forms four bonds, leaving no unpaired
electrons. Thus, the magnetic moment of carbon shows only a
diamagnetic term, resulting from the motion of electrons on
the orbitals, with a zero paramagnetic contribution. As a result,
all the carbon (nano)allotropes/nanostructures, known so far or
predicted to exist, with an identical character of bonds between
the carbon atoms are supposed to lack any magnetic features.
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Carbon (nano)allotropes/nanostructures can be classified
depending on various criteria.” Most frequently, dimensionality
is selected as a standard for placing them into four groups,
ie, (i) oD (eg, fullerenes, quantum dots, nanodiamonds),
(ii) 1D (e.g., carbon nanotubes, nanohorns, and nanoribbons),
(iii) 2D (e.g., graphene), and (iv) 3D (e.g., graphite, diamond)
structures. With regard to morphology, carbon (nano)allotropes/
nanostructures fall into two categories, i.e., (i) open/flat (e.g.,
graphene) and closed/hollow (e.g., fullerenes, carbon nanotubes)
structures. Another classification involves the type of bonds between
carbon atoms. In general, carbon tends to readily hybridize its 2s
and 2p orbitals upon bonding with other carbon atoms. Three
different hybridized states in carbon are recognized, i.e., (i) sp,
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Fig. 1 (a) General molecular orbital energy-level diagram for the first two energy levels showing the formation of molecular bonding (o, n) and
antibonding (o*, ©*) orbitals. (b) Bonding scheme for two carbon atoms providing evidence for pairing of all the spins, confirming thus the diamagnetic

nature of the C-C pair.

(ii) sp?, and (iii) sp® (see Fig. 2a), depending on the number of
c-bonds established between the carbon atoms. In the case
of sp® hybridization, carbon atoms present four single bonds
with a tetrahedral arrangement while one double bond and
two single bonds are characteristic of sp” hybridization
with trigonal planar geometry (see Fig. 2a). The configuration
showing one single and one triple bond conforms to sp
hybridization with carbon atoms lying on a line (see Fig. 2a).
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Various hybridization states and their combinations generate a
broad spectrum of already existing carbon (nano)allotropes/
nanostructures as demonstrated in Fig. 2b.>® Other structures
with C atoms in various sp/sp®/sp’ ratios were predicted
such as high-pressure phases or hypothetical forms found
thermodynamically stable from theoretical calculations, all
waiting to emerge from properly designed/optimized synthetic
protocols.’
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Fig. 2 (a) Schematic description of sp, sp, and sp* hybridization in carbon
with an illustration of the bonding structure. (b) Ternary phase diagram of
carbon (nano)allotropes/nanostructures depending on the hybridization
state they show. The positions/intervals of the most common carbon
(nano)allotropes/nanostructures are indicated. Carbon forms with a single
hybridization state are found at the vertices of the triangle, carbon species
with mixed hybridization states lie along the sides of the triangle, and
carbon compounds with all the three hybridization states are placed inside
the triangle. The representative bond lengths between carbon atoms with
specific hybridizations are also listed. Panel (b) reprinted with permission
from ref. 5. Copyright 2015 American Chemical Society.
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Due to the participation of all the valence electrons in
establishing strong sp®, sp? and sp bonds, carbon is regarded
as an element with the least probability to retain unpaired
electrons, thus behaving largely in a diamagnetic manner.
Indeed, besides superconductors, graphite is ranked as a material
with the most negative magnetic susceptibility reported so far
(~—50 x 107° emu g ').” The diamagnetic behavior of graphite
is solely caused by delocalization of electrons which move along
the graphitic rings in the plane; due to small contribution of
motion of electrons in the direction perpendicular to the graphitic
rings, the diamagnetic susceptibility of graphite is highly
anisotropic. In diamond, three contributions to its magnetic
susceptibility were identified, ie., two diamagnetic terms
originating from s (core) and p (valence) electrons and a van
Vleck (paramagnetic) term emerging from magnetic dipole
transitions occurring between the valence and conduction bands
with a strong dependence on the symmetry of the chemical
bond.” As the van Vleck term is relatively small, diamond shows
a dominant diamagnetic response (with a magnetic susceptibility
of ~—0.5 x 10" ° emu g '). Carbyne, an example of purely sp
carbon (nano)allotrope, is also diamagnetic due to electron
currents flowing along its structure.

Other carbon nanostructures such as carbon nanotubes and
carbon nanohorns were found to be magnetically unattractive.
In particular, single-walled and multi-walled carbon nanotubes,
composed entirely of sp> bonds, are diamagnetic. If magnetic
features for carbon nanotubes were reported, they were
ascribed to the presence of catalyst particles (e.g., Fe, Co).
However, a few exceptions exist in the literature. The possibility
of imprinting stable magnetization in carbon nanotubes was
addressed by theoretical computations and experiments; it was
found that a magnetic ground state may emerge for finite-sized
zigzag-cut carbon nanotubes in the case of hydrogenation,
truncation with edge termination, and capping by fullerene
hemispheres.> FM behavior was then explained in terms
of larger exchange splitting compared to energy loss due to
breaking the bonding states in some carbon nanotubes; the FM
response was found to strongly depend on the chirality and
diameter of the nanotubes. Another hypothesis introduces the
concept of emergence of free radicals communicating via
the itinerant electrons of the carbon nanotube network."
The magnetic ground state can be alternatively stabilized by
topological line defects involving pentagon and octagon rings
with emergence of peculiar edge-localized states similar to
those of graphite flakes.'" The theory predicts that metallic
carbon nanotubes may behave in an FM (antiferromagnetic
(AFM)) manner if localized spins occupy the same (different)
sublattice while semiconducting carbon nanotubes may show a
dominant FM response with weak dependence on the distribution
of the localized spins over respective sublattices; the communica-
tion pathways are believed to be maintained by an isotropic
Heisenberg interaction and anisotropic Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction of Ising and Dzyaloshinskii-Moriya
nature, the latter emerging due to spin-orbit interactions
breaking the SU(2) spin symmetry of the system.'? In the case
of carbon nanohorns (i.e., short single-walled carbon nanotubes

This journal is © The Royal Society of Chemistry 2018
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closed on one side), diamagnetic features were reported; it is
speculated that a large diamagnetic contribution originating
from the sp® network is partly cancelled by a constant van Vleck
paramagnetic term.'® Similar to carbon nanotubes, carbon
nanohorns are diamagnetic in nature; emergence of magnetic
features in nanohorns was observed upon adsorption of oxygen."*

The hope that pure carbon structures may show unpaired
spins and eventually magnetic ordering is redirected to such
carbon (nano)allotropes with mixed hybridization states (i.e.,
sp’/sp® ratio) in which some of the valence electrons are not
involved in a bonding process. In particular, fullerenes with
“pseudo” sp® and sp> bonds, the ratio of which depends on the
number of carbon atoms (see Fig. 2b), show both diamagnetic
and paramagnetic behavior. The diamagnetic contribution
originates from electrons moving around the hexagonal
rings,"® while motion of electrons around double bonds which
are adjacent to the vertices of pentagons is identified to be
responsible for the paramagnetic term.'® It is then assumed
that the diamagnetic contribution should gradually increase
with the size of fullerenes (i.e., with increasing number of
hexagons), eventually reaching the value of the diamagnetic
susceptibility of graphite."” However, it was observed that the
diamagnetic susceptibility of fullerenes with a number of
carbon atoms less than 100 varies in a random manner, most
probably resulting from a dependence of the characteristics of
bonds in pentagons and hexagons on the structure.'® For larger
fullerenes, diamagnetic susceptibility increases as expected.
For Cg, the most studied fullerene, the paramagnetic and
diamagnetic contributions are almost equal; hence, Ce, is non-
magnetic. In order to increase the paramagnetic term in Cgo,
several strategies have been proposed such as intercalation with
oxygen or intrinsic defects (e.g., C¢o ions). FM/AFM features
were observed for some fullerene derivatives such as Cg, charge
transfer complexes (e.g, Cg—-TDAE (tetrakis-dimethylamino-
ethylene)-C,N,(CH,)g),"® CgoR, compounds (where R is H, F,
CF; or polymer fragments, and 7 is odd),>°* and fullerenes
polymerized by irradiation or introduction of under pressure
(orthorhombic, tetragonal, and rhombohedral fullerene
polymers).”**> Among them, C¢,~TDAE, a donor-acceptor type
system, has been studied heavily; it undergoes a transition to the
FM state at ~16 K.'” The emergence of the FM regime was
explained in terms of formation of an ion-radical (TDAE"*-Cg,~*)
pair due to charge transfer from the m-orbitals of a donor
molecule (TDAE) coupled by strong spin-exchange. If TDAE
is replaced with other donating compounds, FM behavior is
preserved;*® however, with C,, no long-range magnetic ordering
was ever observed. (ND;)K;Cg, is another example of a fullerene-
based compound behaving in AFM manner stabilized up to ~37 K
by spatial disorder and inhomogeneity effects.”” Nanodiamonds -
close dimensional relatives to fullerenes - with a core-shell
structure composed of a diamond core (sp® carbon atoms), a
middle layer (sp>™ carbon atoms), and a graphitic outer shell
(sp® carbon atoms) with dangling bonds terminated by func-
tional groups® - were found to be largely diamagnetic with minor
paramagnetic centers whose existence is further promoted by
the introduction of nitrogen vacancies.”® However, no magnetic

This journal is © The Royal Society of Chemistry 2018
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ordering has been observed so far for nanodiamonds. Similar
to non-functionalized fullerenes, onion-like carbon shows a
large diamagnetic contribution and a small paramagnetic term.

In the beginning of the nineties of the 20th century, it was
theoretically predicted that carbon may become magnetic once
the structure adopts an arrangement with a mixture of planar
3-fold coordinated sp’- and tetrahedral sp>-hybridized carbon
atoms.?*° In particular, for a hypothetical layered intermediate
graphite-diamond structure with 50% of sp>-bonded and 50% of
sp>-bonded carbon atoms, resulting in a high level of unpaired
electrons (0.59 per carbon atom), the saturation magnetization
was estimated to reach 230 emu g, similar to that of o-Fe
(220 emu g~ !). Carbon nanofoam, firstly synthesized in 1999, is
an example of a carbon (nano)allotrope with a sp*/(sp> + sp?)
bonding ratio of 35% on average and a structure resembling
hyperbolic schwarzite.>® Carbon nanofoam is modelled as a
tetrapod with 12 heptagons surrounded by hexagons with tetra-
valent carbon atoms (with heptagons showing trivalent carbon
radicals with a lone electron). Magnetic carbon nanofoam shows
a Curie temperature of ~92 K and a saturation magnetization of
~0.42 emu g ' (at 1.8 K). The origin of magnetic moments
in carbon nanofoam was explained considering several factors:
(i) the presence of carbon rings other than 6-membered rings
causing localization of the n-electron cloud encouraging locali-
zation of unpaired spins; (ii) sp®>-bond carbon atoms providing
cross-linking between different schwarzite layers and preventing
n-electron delocalization; (iii) potential presence of carbon
vacancies; and (iv) presence of hydrogen and oxygen promoting
spin formation and localization by disrupting the conjugated
C-C bond system.** However, it seems that establishment of an
interaction pathway is strongly dependent on the sp*/(sp® + sp?)
ratio with a non-trivial trend. Moreover, magnetic carbon nano-
foam is highly unstable losing its magnetic features within several
months after synthesis if not protected against a chemical attack
by formation of strongly convoluted sheets and/or impermeable
frameworks.

Similarly, if the structure contains both sp- and sp>*-bonded
carbon atoms, magnetic moments are observed to evolve;**>*
the examples of carbon nanoallotropes with mixed sp and
sp> hybridization states include graphyne and graphdiyne.” In
graphdiyne, the magnetic moments are believed to arise due
to the unique construction of the carbon matrix and specific
sp-hybridization. They can be enhanced if the structure of
graphdiyne is doped with nitrogen with a pyridine configuration.*®
Graphdiyne then behaves in a paramagnetic manner (i.e., spin-
half paramagnet) without any magnetic ordering; an AFM
ground state was observed for annealed graphdiyne when
hydroxyl groups, adsorbed on the graphdiyne sheet and forming
a chain-like motif, were identified as the major sources of
magnetic moments.**

In 2004, when graphene was firstly isolated,®® the realm
of carbon witnessed a striking attention from the scientific
community to synthesize graphene, study, understand, and tune
its unique physicochemical properties®” *° and, eventually,
equip it with features it misses, including a magnetic response.
Since then, dozens of theoretical and experimental papers have

Chem. Soc. Rev., 2018, 47, 3899-3990 | 3903
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Fig. 3 Defects imprinting a magnetic behavior into graphene: (a) vacancies; (b) substitution with non-carbon atoms; (c) sp*® functionalization; (d) edges.

appeared reporting attempts to synthesize ‘“magnetically-active”
graphene-based systems which would be competitive with
traditional inorganic magnets thus opening the doors towards
applications in electronics,*! spintronics,** biomedicine,** and
magnetic (bio)separations.**

Graphene, intrinsically of diamagnetic nature due to a
delocalized m-bonding network, was found to show magnetic
features only in cases when defects were introduced into its
lattice as indicated by numerous theoretical works and con-
firmed by several experimental studies.*> The defects include
local topology perturbations,*® vacancies,”” Stone-Wales (SW)
defects,*® pentagonal-octagon pairs,*® substitution with non-
carbon atoms in the graphene lattice,’>" adatoms (i.e., atoms
attached to the surface of the graphene sheet),”®”® mixed
sp>/sp® hybridization (i.e., covalent sp® functionalization),”*>"
and zigzag-type edges (i.e., confinement-related phenomena)
(see Fig. 3).>** In short, these defects are manifested as semi-
localized n “midgap’’ states or flat bands in the electronic band
structure of graphene with the peaks in the density of states at
the Fermi level (Er) showing spin polarization, giving rise to
localized magnetic moments. Defect-induced FM behavior in
graphene and its derivatives (e.g., graphone, graphane) has been
experimentally observed to evolve at low temperatures; however,
its sustainability at room temperature is heavily questioned as the
n-electron system of graphene is too weak to maintain magnetic
interactions (ie., RKKY-like interactions) between induced
localized moments at elevated temperatures. Recently, several
reports have appeared demonstrating the possibility of preparing
graphene-based systems with magnetic ordering stable up to
room temperature. Currently, the imprinting of self-sustainable
magnetism at room temperature to graphene and/or its deriva-
tives is widely recognized as a key challenge for further develop-
ment of 2D carbon-based materials with a tremendous potential,
especially, in spintronics and biomedical fields.

Several review works have been published so far aimed at
giving an overview about the recent advancements in magnetism

3904 | Chem. Soc. Rev., 2018, 47, 3899-3990

of graphene and related 2D materials;*>**°° however, they
have focused only on the theoretical aspects of imprinting
self-sustainable magnetic features in graphene or have chosen
only particular defects without any systematization and critical
assessment or have concentrated solely on the application
potential of magnetically active graphene systems and their
2D analogs. Moreover, in this respect, substitution and func-
tionalization of graphene sheets as new emerging approaches
toward magnetism in graphene have been ignored so far. The
present review thus aspires to comprehensively and critically
cover the issue of magnetism in graphene, its derivatives and
2D analogs with regard to a recent huge progress in the field
from the theoretical, experimental, and application perspective.
The aims include to systematically classify the methods used to
equip graphene with magnetic properties, evaluate the effec-
tiveness of various approaches in imprinting of magnetism in
graphene and discuss their possible exploitation for challenging
future applications. Particularly, in Section 2, graphene is intro-
duced with an emphasis on its structure and electronic features,
highlighting areas of its potential applications. Moreover, the
models providing description and understanding of defect-
induced magnetic behavior in graphene are briefly discussed.
Section 3 is devoted to point and line defects in graphene, their
nature, experimental creation and their role in the evolution of
magnetic features in graphene. Section 4 reviews confined
graphene-based systems including graphene nanoribbons,
graphene nanoflakes, and graphene quantum dots. The atten-
tion is devoted to identifying the role and effect of the intrinsic
parameters of the system (e.g., edge geometry, size, lattice
doping, and edge modification) and external stimuli (e.g., electric
field and strain) on the evolution and tuning of the magnetic
response of confined graphene-based representatives. In Section
5, the issue of doping of the graphene lattice with non-carbon
elements (i.e., nitrogen, sulfur) is addressed; here, the type
(n-type/p-type), chemical nature, and concentration of the dopant
are discussed as crucial parameters affecting directly the

This journal is © The Royal Society of Chemistry 2018
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electronic structure of graphene and, hence, evolved magnetic
properties. Section 6 introduces the concept of chemical
covalent functionalization of the graphene surface with various
adatoms (e.g. hydrogen, nitrogen, fluorine) and functional
groups (e.g., -OH, -COOH) as a promising strategy to develop
graphene-based systems with a magnetic ordering sustainable
up to room temperature. Section 7 briefly summarizes recent
advancements in magnetically active graphene intercalated com-
pounds. In Section 8, the emergence of magnetism in graphene
analogues and other selected 2D materials is discussed; in
particular, the attention is devoted to transition metal dichalco-
genides, metal dihalides, metal dinitrides, MXenes, hexagonal
boron nitride, and other relevant 2D compounds/molecules.
Since the magnetic behavior of graphene imprinted with defects
of whatever nature can be incorrectly interpreted as due to
magnetic impurities (i.e., d-block elements), Section 9 sheds
light on the proper determination of magnetic admixtures in
the sample (i.e.,, magnetic residues from synthesis itself or
sample handling) and discusses experimental approaches to
quantify/exclude them, thus preventing misleading interpreta-
tions. Moreover, mathematical procedures used to correctly
analyze the measured magnetization data and separate indivi-
dual magnetic contributions are also briefly outlined. Finally, the
review summarizes the current status in the field of graphene
magnetism, highlights the potential future challenges, and
envisages application fields where ‘“magnetic” graphene could
become a prominent material.

2. Graphene, its structure, properties
and applications and theoretical
models providing an understanding of
defect-induced magnetic behavior in
graphene

Carbon atoms in graphene are spz—hybridized leaving a free
p. orbital perpendicular to the plane (see Fig. 4). The in-plane
sp>-orbitals form the -bonds. The honeycomb lattice of graphene
is formed by three sp>-bonded carbon atoms.?” However, the

Bravais lattice of graphene is different from the honeycomb
lattice and is superposition of two triangular Bravais lattices

(b)

P. T P
sp’ sp’ V-
O ~ 0O
2 2
sp’ p sp
OAloQ®
®B/p
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(termed as A- and B-sublattice, or alternatively denoted as
o- and B-sublattice, respectively). Hence, the honeycomb lattice
of graphene provides two free electrons per unit cell.®!

Graphene follows a linear dispersion relation, reflecting the
relativistic nature of the electrons and holes in graphene, which
behave as massless Dirac fermions in a biparticle lattice.*”*"
The corresponding Hamiltonian can then be represented adopting
the relativistic Weyl equation,” ie.,

H = 6V, 0

where p is the momentum, Vi is the Fermi velocity and o is
the pseudospin operator. Cone-shaped electronic bands (also
called Dirac cones) for the n-valence and n*-conduction states
can be obtained by solving the relativistic Weyl equation. These
Dirac cones touch each other at a point called the Dirac point
resulting in a zero-gap semiconducting behavior. In other words,
the n- and n*-bands equip graphene with most of its remarkable
electronic properties via the half-filled band that permits free-
moving electrons.

The peculiar electronic structure of graphene is responsible
for emergence of unusual physical phenomena including, for
example, the half-integer quantum Hall effect,®>* ambipolar
electric field effect,*® non-linear Kerr effect,®® Casimir effect,®’
photothermoelectric effect,’® bipolar supercurrent,”” and positive
piezoconductive effect.’® Due to its structural and electronic features,
graphene is equipped with superior properties such as, for example,
a high charge carrier mobility (up to 200 000 cm®> V- ' s~ " at room
temperature at a carrier density of 10'* cm™2), very low resistivity
(107 Q cm), large thermal conductivity (1500-2500 W m™* K ),
high optical transmittance (97.7% for red light), large surface
area (2630 m”> g~ '), and high tensile strength (130.5 GPa) and
Young’s modulus (~1 TPa). The physicochemical characteris-
tics of graphene can be further easily/appropriately tuned by
doping its lattice with non-carbon atoms, functionalizing its
surface with various atoms, molecules, functional groups or
deposition on various substrates,*® significantly extending its
portfolio of applications. So far, graphene has been suggested
as a promising material in various fields such as, for example,
electronics (ultralight flexible displays and touch panels,® field-
effect, high speed and ballistic transistors,”® spin transistors
and spin logic devices,*” light-emitting diodes,”* components

Fig. 4 (a) Pictorial representation of graphene sheet and (b) sp? hybridization in graphene. (c) The honeycomb lattice structure of graphene. The atoms
in the sublattice are separated by ag = 0.142 nm. The basis vectors of the Bravais lattice are represented by a; and a, and are given as a; = ao./3(1; 0)
and a, = ag./3(1/2; \/3/2). The nearest vectors that connect the atoms from the A-(a-) to the B-(B-)sublattice are represented by d4, 65, and d3 and given

as 01 = ao/2(\/3; 1), 62 = ao/2(—/3; 1), and &5 = ao/2(0; —1).

This journal is © The Royal Society of Chemistry 2018
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of radio frequency integrated circuits’> and nanoelectro-
mechanical systems”?), energy storing and generating devices
(electrodes in ultra-/super-capacitors,”* Li-ion batteries,”® and
fuel cells’®), optics (photoactive medium in solar cells,”
photodetectors,”® and broadband polarizers”®), printing technol-
ogies (conductive inks,* inks for electromagnetic shielding®"),
medicine (DNA sequencing,®” agents for cellular imaging and
carriers of drugs/biomolecules®’), environment- and water-
treating technologies (sensors and sorbents of pollutants,®
water desalination®), and additives improving mechanical prop-
erties of composites (car bumpers®®). However, most of the
proposed applications of graphene are still in the laboratory stage
as problems are frequently faced with scaling-up the production
of graphene-based systems, preserving, at the same time,
their purity, chemical identity, and, hence, application-desired
physicochemical properties.

Besides, graphene shows strong ballistic transport, long
spin lifetime and spin relaxation length, limited hyperfine
interactions, and weak spin-orbit coupling (a result of low
nuclear charge and orthogonality of n- and o-bands), ie.,
prerequisites, which are highly required in spintronics. Impor-
tantly, due to the spin-orbit coupling, the quantum spin Hall
effect emerges in graphene, when the spin-up and spin-down
carriers move in the opposite directions along the same edge.®”
However, as already mentioned above, it misses localized
magnetic moments in its pristine state. Thus, defects of what-
ever nature are needed to free electrons from bonding resulting
in evolution of unpaired spins. Magnetic susceptibility (ymass)
of the defected graphene is then given by ymass = Xmass,dia T
Jmass,para T Xmass,ferroy WHET€ Xmags dia 1S the diamagnetic term
involving orbital, Landau, and core diamagnetic contributions,
Amass,para Stands for a paramagnetic term including Curie-
like response of non-interacting (isolated) defect-induced para-
magnetic centers, paramagnetic Pauli contribution from conduction
electrons, and paramagnetic van Vleck contribution, and ymass ferro
represents the ferromagnetic term reflecting the establishment
of interaction pathways between the defect-induced paramag-
netic centers.

A theoretical understanding of graphene magnetism can be
well described by the tight-binding model, Hamiltonian model,
Hubbard model, mean field approximation (Hartree-Fock, Monte
Carlo, renormalization, etc.), density functional theory (DFT)
approach, etc. From the theoretical viewpoint, the electron—electron
interaction as the diagonal elements of the Hamiltonian matrix
plays an important role. The problem can be solved with an
appropriate guess that could tackle the matrix self-consistently
breaking the spin-lattice symmetry.

The one-orbital mean-field Hubbard model is probably the
simplest model to analyze the magnetic properties of sp”
carbon nanostructures. The unhybridized p, atomic orbitals
of sp® carbon atoms in graphene give rise to low energy
n-symmetry electronic states. The mean-field Hubbard model
considers these n-symmetry electronic states. The Hamiltonian
is given as

H=H, + Hj, (2)
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where H, and H; are the kinetic and interaction parts of the
Hamiltonian, respectively. H, represents the nearest-neighbor
tight-binding Hamiltonian given as

Hy ==t [eheo +hel], 3)
(i)o

where ¢} and ¢, are the creation and annihilation operators,
respectively, that create and annihilate an electron at site 7 with
spin ¢. The term ‘“h.c.” is the Hermitian conjugate part of
the Hamiltonian. The consideration of nearest-neighbor atoms
is denoted by the angular bracket (()). The hopping integral
t & 2.7 eV. The elements of the Hamiltonian matrix are
determined by the atomic structure. If the atoms i and j are
covalently bonded, the off-diagonal matrix elements are set to —t.
The eigenvalues of the Hamiltonian matrix have electron-hole
symmetry. Thus, the bonding (occupied) and anti-bonding
(unoccupied) states are always in pairs with an energy relation
given as ¢ = —¢*. The mid-gap states with energy ¢ = 0 are called
the zero-energy states. Although the tight-binding model can
predict the electronic structure of sp® carbon atoms, addition
of the on-site Coulomb interaction helps in explaining the
emergence of magnetism. Thus, the interaction part of the
mean-field Hubbard model is given as

H[ = UZIZ,‘THH, (4)

where U is the magnitude of the on-site Coulomb interaction.
The spin-resolved electron density at the i-site is given by
Ny = cj,,cj,,. It should be noted that this model involves only
the nearest neighbor interactions. Thus, only two electrons are
considered that occupy the same p, atomic orbital. This limita-
tion can be overcome by using a mean-field approximation
where an electron with spin-up/-down at the i-site interacts with
the average electron density with spin-down/-up. Hence, the
Hamiltonian in the mean-field approximation is given by

Hpy = UZ{nMn,‘O + (g ynip — (g ) (mip )} (5)

The diagonal terms in the Hamiltonian are only effected
by such formulation. This can be solved self-consistently by
arbitrarily choosing a value for (n;). In the case when the
chosen value breaks the spin spatial symmetry, AFM solutions
can be obtained.®®® With a right guess for the starting value
of (n;), one can easily converge the solution with repeated
iterations. Eventually, the spin density at each i-atom is obtained
self-consistently and is given by

My = () — () 0

The total spin (S) of the system is given by S = > M,. The
induced magnetic moment in the carbon nanostructure mainly
depends on U/t. With a right guess for U/t, one can easily obtain
similar solutions compared to those from the first-principles
calculations.

Doubts can be raised on the suitability of the above-discussed
model by demanding further clarifications. Does the graphene

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c7cs00288b

Published on 26 March 2018. Downloaded by University of Warwick on 11/26/2021 2:07:52 AM.

Chem Soc Rev

system follow the mean-field approximation? How does it
compare to the results obtained by a method that considers
all the electrons? What could be the best guesses for U/t to get a
converged solution? The validity of the mean-field approxi-
mation can be checked by comparing its results with that
obtained using the exact diagonalization and quantum Monte
Carlo simulations.’® If the empirical value of the parameter
U/t is chosen wisely, a close match between the mean-field
Hubbard model and first-principles computations can be
achieved.” ™ It should be noted that the equivalence of all
electrons or ignoring the localized atomic core states, which are
performed in the first-principles methods, actually does not
play any important role. However, it does if one computes the
hyperfine interactions because the spin polarization of the 1s
carbon atoms can effectively contribute.®*®°* Else, choosing a
suitable value of U/t ~ 1.3, the results achieved by the DFT
model, considering an exchange-correlation function belonging
to a generalized-gradient-approximation (GGA) family, can be
reproduced. Similarly, choosing U/t ~ 0.9, the local-spin-density
approximation results can also be predicted.”® A suitable range
for U ~ 3.0-3.5 eV was reported from magnetic resonance
studies of trans-polyacetylene which is very similar to a zigzag-
edged graphene nanoribbon with a minimum width.*>°® The
DFT model using GAA employs the identical interval of Ult,
i.e, 1.1-1.3. A Mott-Hubbard transition of AFM ordering in
graphene can be obtained in the case in which one chooses
the value of U/t to be greater than 2.23.”

Alternatively, the benzenoid graph theory can be used to compute
and analyze the tight-binding Hamiltonian spectrum of graphene.
For a thorough description of the benzenoid graph theory, one is
advised to read the work by Fajtowicz et al.*® In short, the theory is
based on counting principles. The number of zero-energy states in
the tight-binding model can be predicted (counted) from the graph’s
nullity in the benzenoid theory and is given by

n=2x— N, (7)

where N is the total number of sites and o is the possible
maximum number of sites that are not nearest to each other.
Further, the Stoner criterion decides the onset of magnetism.
The Stoner criterion is based on the competition between the
loss of kinetic energy and the gain in exchange energy due to
spin polarization of a system. The exchange splitting of the
electronic states in the spin polarization system can cause a
gain in the exchange energy,” i.e.,

AS:::Tf::l:%anZ, (8)

where > n? measures the degree of localization of the corres-
ponding[ state. The loss of kinetic energy is proportional to this
state. Thus, irrespective of the degree of localization, for any
U > 0, the spin polarization occurs by the zero-energy states. In
other words, spin polarization is a medium to prevent the
instability of low-energy states in the system. The benzenoid
theory is limited as it does not give the alignment of the spins
in these states. Lieb’s theorem'” can be used to extract such

This journal is © The Royal Society of Chemistry 2018
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information and, hence, to compute the total spin of the
system. This theorem does not require any periodicity of the
lattice structure and is valid in all the dimensions. Interestingly,
both of the counting principles described above are linked as
n = N, — Ny, where N, and Ny are number of sites on the A- and
B-sublattice of graphene, respectively.

As mentioned above, the Stoner criteria decide on the evolution
of ferromagnetism considering a competition between the
exchange and kinetic energy. Usually, the s- and p-block elements
have higher kinetic energy than the exchange energy. Thus,
they tend to be non-magnetic as the loss of kinetic energy
dominates over the gain in exchange energy. The energy effects
become considerably important when the dimension of the
system is reduced. The energies are also modified by the
presence of defects and other atoms in the interface or surface.
As a result, intrinsically non-magnetic s- and p-block elements
may become magnetic.

3. Defected graphene: morphology
and magnetic properties

The presence of defects in the graphene structure modifies its
chemical, mechanical and electronic properties and can lead to
the formation of magnetic moments. While pristine, defect-free
graphene is diamagnetic, a sizeable amount of theoretical and
experimental research has shown how defects can impart
magnetic ordering to graphene and how this magnetism can
be predicted, generated and tuned. The seminal work at the start
of the current century by Esquinazi et al'®'% on irradiated
graphite has generated a vast array of publications, and compre-
hensive reviews on the topic have been published.*>'%*'%% n
order to fully understand the impact of defects on the magnetism
of graphene, it is necessary to review at the same time the types of
defects that can be present on a graphene sheet, with particular
focus on the magnetism-generating defects.’””'°>™" These
involve point defects (0D), line defects (1D) and grain boundaries
(2D), whereas 3D defects, like voids, are present in graphite. The
defects, moreover, can be due to single or multiple vacancies
when one or more atoms are removed, can be of topological type
only, thus not involving any loss or gain of atoms (for example,
Thrower-Stone-Wales (TSW) defects''*''?), or can be due to
internal or external adatoms and impurities, and to adatom/
vacancy interactions. By extending the study to multilayer
graphene, interstitial atoms can also be included among the
defects. Moreover, a unique property of extended sp* carbon-
based materials is the ability to reconstruct defects by forming
non-hexagonal units with limited or no dangling bonds, and
defects can also migrate or interact with each other, as in the
case of the adatom/vacancy interactions. Here, the effect on
magnetism of vacancies and TSW/line defects is covered, while
among the external impurities only hydrogen will be considered.
The theoretical works reviewed in this section are in particular
devoted to the understanding of the exact source of this magnetism
and to the estimation of the formation energy and mechanism
of the various defects. Experimentally, mainly electron and ion
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(proton) irradiation, epitaxial growth and chemical treatment
have been employed to create defects, with crucial support from
surface techniques like scanning tunneling microscopy (STM)
and transmission electron microscopy (TEM) to detect and also
to generate them.

3.1. Defects of graphene: formation and morphology

Removal of one or more carbon atoms from a graphene sheet
creates a vacancy that can be a single vacancy, divacancy or, in
general, multivacancy depending on the number of atoms involved
(see Fig. 5). The simple expulsion of a carbon atom generates a
defect with D;;, symmetry in which three dangling ¢ bonds form
around the missing atom. However, a reconstruction can take
place, driven by an energy-lowering Jahn-Teller distortion in which
two of the carbon atoms with dangling bonds create a “soft” ¢ C-C
bond, resulting in a defect, called V;(5-9), with one dangling bond
left and C,, symmetry."”"*""” The new bond formed has a calcu-
lated length of ~2 A. A further distortion can take place in which
the C atom with the dangling bond is displaced out-of-plane
(see Fig. 6)."*>''®11% The formation energy of the graphene
monovacancy has been consistently calculated at values of
7.4-7.8 eV, HIBIB02L Thig relatively high value accounts
for the presence of a carbon atom with an unsaturated bond.
Moreover, the reconstructed defect imparts strain to the graphene
lattice surrounding the defect.'*” The electronic environment of
the V;(5-9) vacancy also reflects the newly formed bond and the
dangling one. In particular, a localized spin density is present at
the unsaturated C center (see Fig. 7).

Monovacancies have been experimentally detected. Aberration
corrected high resolution transmission electron microscopy

Fig. 5 Examples of (a) single vacancy and (b) double vacancy before
reconstruction. Reprinted with permission from ref. 117. Copyright 2017
Elsevier B.V.
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Fig. 6 Top and side views of a graphene single vacancy, with the respective
point groups, type of distortion (JT: Jahn-Teller) and spin multiplicity
(Q: quintet, T: triplet, S: singlet, OS: open shell, CS: closed shell). Reprinted
with permission from ref. 119. Copyright 2017 American Chemical Society.
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Fig. 7 C monovacancy: structure with (a) charge density (in e A=%) and (b)
spin density (in e A~3). Reprinted with permission from ref. 116. Copyright
2004 American Physical Society.

(AC-HRTEM) and high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) techniques
in particular have been used for creation of defects by irradia-
tion at energies above 80 keV and for their visualization (see
Fig. 8).">**’ Interestingly, both symmetric and reconstructed
defects, corresponding to Fig. 8a and d, have been detected.

Fig. 8 AC-HRTEM images of (a) a symmetric C monovacancy and (d) after
reconstruction. Panels (b and e) are the DFT calculated models and panels
(c and f) the multislice TEM simulations of images in panels (a and d),
respectively. Reprinted with permission from ref. 122. Copyright 2013
American Chemical Society.
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Fig. 9 Depiction of a V,(5-8-5) divacancy defect. Reprinted with permis-
sion from ref. 132. Copyright 2012 American Physical Society.

Single vacancies can diffuse in the graphene lattice. The
calculated barrier for this diffusion depends on the model used
to simulate the migration, and is between 0.9 and 1.7 ev."'***®
Experimentally, the diffusion of single vacancies does not
take place at room temperature within the timescale of the
measurements.’?® The migration and coalescence of vacancies
can however be influenced by the presence of multiple vacancies,
which induce bond strain extending into the lattice portion
where the vacancies are present.'>®

When two connected carbon atoms are simultaneously dis-
placed, or when two single vacancy defects coalesce, a divacancy
forms. Also in this case, a reconstruction can take place.
By formation of the long ¢ bonds analogous to that of the
single vacancy, a corresponding V,(5-8-5) structure appears (see
Fig. 9)."*°7'%> However, this structure can convert into one with
a lower energy, V,(555-777). Other possible reconstructions are
V,(5555-6-7777), which lies at an intermediate energy between
the other two, V,(585) with dangling bonds and V,(555-777)
with a tilted carbon dimer. All these structures have been
characterized by electron microscopy and confirmed by simula-
tions (see Fig. 10)."**'** The formation energy of divacancies
is of the same order of magnitude as that of single vacancies
(~8 eV), accounting for ~4 eV per atom.'****»135 The much
lower energy per atom needed with respect to monovacancies is
due to the absence of dangling bonds left after the structure
reconstruction. On the other hand, the migration barrier is
much higher than that of single vacancies, being estimated to
be ~7 eV,"* thus allowing the accessible visualization of the
defect by electron microscopy.

Studies of the influence of strain on graphene with vacancies
have provided an insight into the mechanical and electronic
properties of the material. For vacancy content up to 0.2%, the
elastic modulus of graphene sheets increases by nearly 100%,
and then decreases with higher defect density, while the fracture
strength instead decreases in the presence of defects (see Fig. 11
for a STM image of defected graphite used for investigation
of the influence of strain)."**'*” Also, the energy required for
vacancy formation in graphene can be reduced by ~37% by the
application of biaxial tensile strain.'*® A tensile strain lower than
~50% is needed to open a band gap in defected graphene when
compared to pristine graphene."*®

The reactivity of graphene single vacancies is determined by
the presence of the dangling bond, which can be saturated by
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View Article Online

Review Article

Fig. 10 (a—d) Structures of different double vacancy defect reconstruc-
tions ((@): Va(555-777); (b): V,(585); (c): V,(585) with dangling bonds;
(d): Vo(555-777) with a tilted carbon dimer, shown by the red arrows).
(e—h) Corresponding charge density plots obtained from ab initio calcula-
tions. Reprinted with permission from ref. 134. Copyright 2011 American
Physical Society.

adatoms, thus further changing the properties and structure of
the defect."*>'*" In this section, only the influence of H as a
chemisorbed adatom, isolated or connected to a vacancy, will
be discussed, for cases in which single or limited H atoms are
present on graphene structures thus constituting a defect rather
than a functionalization. Chemisorption and physisorption of
H atoms on graphene have both been studied, mainly from the
theoretical point of view, but experimental works have also been
published."**™**° various models have been proposed, including
pyrene, coronene and a 4 x 4 supercell, and coronene has been
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Fig. 11 STM image of a defect on graphite created by Ar* irradiation at
140 eV (image taken in air at room temperature). Reprinted with permission
from ref. 136. Copyright 2014 Macmillan Publishers Limited.

suggested as the one with the minimum size suitable for
calculations of H chemisorption on graphene (see Fig. 12).'*®

The C-H bond formed, in which the C atom hybridizes to sp
and its p, orbital is removed from the general graphene n-system,**
has been calculated as being of length 1.11-1.13 A.***™ Studies
performed at the PB3-D3/cc-pVZD level of theory indicate that
the energy barrier for H chemisorption is mainly attributed to
the structural work connected to the defect reconstruction. The
presence of the bond creates a band gap of 1.25 eV, containing
two non-dispersing states (see Fig. 13). This effect has been
attributed to the influence of the H" ionic core.'**

When a pair of hydrogen atoms is chemisorbed on graphene,
four different outcomes are possible, depending on whether the
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Fig. 13 (a) Top view, (b) side view, and (c) band structure for an H atom
adsorbed on a graphene sheet (32-atom model). Reprinted with permission
from ref. 142. Copyright 2004 American Physical Society.

two H atoms are on the same or opposite side of the graphene
sheet and whether they are on C atoms which are part of the
same or different sublattices. Calculations have suggested that
the formation energy of the pairs in all four cases is dependent
on the distance between the C atoms carrying the H atoms,
resulting in lower energies for distances up to 5 A and then
increasing at larger distances.'** The presence of chemisorbed
H atoms can affect the mechanical properties of graphene,
leading to deterioration of the material. Atomistic simulations
have shown that the fracture strain and fracture stress of
hydrogenated graphene decrease substantially in both armchair
and zigzag directions when compared to pristine graphene.'*®
TSW defects in graphene are generated by the 90° rotation of
a C-C bond. Upon this rotation, two C-C bonds are formally
broken and two new bonds are formed, with the result that four
hexagons turn into two pentagons and two heptagons, a so called
SW(55-77) structure (see Fig. 14).">° The opposite curvature of
pentagons and heptagons results in the formal conservation of

TS P

Fig. 12 C-H distances (in A) in the physisorbed state (R), transition state (TS) and chemisorbed state (P) for the three different models, i.e., pyrene (top),
coronene (center) and 4 x 4 supercell (bottom). Reprinted with permission from ref. 146. Copyright 2014 AIP Publishing LLC.
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Fig. 14 TSW transformation by C-C bond rotation (in black) with the
formation of a SW(55-77) defect. Reprinted with permission from ref. 150.
Copyright 2015 Pleiades Publishing, Ltd.

the planar structure; it is worth reminding that the presence
instead of 12 pentagons along with hexagons but without
heptagons generates a spherical allotrope as in the case of
fullerene.’”'** Calculations have pointed out that the most
stable geometry of a graphene single layer with a SW(55-77)
defect has an out-of-plane sinusoidal shape, with the sine-like
structure having the lowest energy (see Fig. 15).'>*7'°° As already
mentioned, the TSW defect leaves the total number of atoms
unchanged and also the hybridization of the components of the
system is not mutated, each carbon atom being bonded to three
neighboring atoms. However, the bond lengths in the SW(55-77)
system diverge substantially from the periodic C-C bond of
1.46 A of pristine graphene. Calculated values obtained from
DFT methods indicate bond lengths down to 1.28 A for the
common heptagon-heptagon bond**® within the defect area.'*°

The calculated formation energy associated with flat TSW
defects reported in several works is of ~5 eV, with small

Fig. 15 (a) Top and (b) side views of a SW(55-77) defect, in which the
sinusoidal distortion is shown. Reprinted with permission from ref. 154.
Copyright 2014 American Physical Society.
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variations depending on the type of codes used for the
calculations,'*>'%15>156 \whereas structures presenting sine-
like distortions have in average slightly lower calculated for-
mation energies.'**"*>*'%¢ The kinetic barrier to overcome for the
simultaneous 90° rotation of the two C atoms producing the
TSW defect is of 10 eV, whereas the opposite rearrangement with
recreation of the hexagonal structure is 5 eV, making the TSW
defect, once formed, rather stable.'*® AC-HRTEM at <100 keV
with different electron fluxes has been employed to successfully
visualize TSW defects and their rapid healing."””*>®

TSW defects are reported to affect the mechanica
chemical®*? and electronic'®”**>™% properties of graphene.
TSW defects from defect reconstruction are deemed responsi-
ble for enhanced chemical reactivity due to the locally changed
n-electron density,'®” whereas the bond rotation responsible for
the TSW defect has the effect of creating a band with energy
~0.5 eV higher than Ef, due to the displaced p, orbitals of the
atoms of the defect site."®

The reconstruction of multiple defects in a graphene lattice
can lead to the formation of line defects,'®®™'”® which can be
seen as the 1D analogue of the 2D grain boundary defects in
graphite.'””"'”> However, it must be noted that “grain bound-
ary” is often used as a synonym of “line defect” in graphene
(see Fig. 16). Line defects can consist of the periodic repetition
of pentagonal-heptagonal or pentagonal-optagonal motifs as
well as disordered distributions of different polygons. The
planar nature of the graphene sheet allows for rearrangements
not present in their 3D counterparts, resulting in the formation
of peaks in “3D landscapes” upon structural relaxation and
consequent reduction of the defect energy. The height of the
peaks has been calculated as being close to the distance
between the defects (see Fig. 17).'7>'7* Moreover, the relative
stability of defects created by pairs of 5-7 defects against
extended Haeckelite-like structures has also been assessed,®®
whereas simulations performed using GGA for DFT with spin
polarization have shown the formation of pentagonal-octagonal-
based line defects on graphene sheets upon inclusion of C and
N adatoms."”

159-161
I,

(b)

Fig. 16 (a) STM image of a line defect in graphene and (b) schematic
representation of the defect. Reprinted with permission from ref. 170.
Copyright 2014 Elsevier B.V.
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Fig. 17 (a) Calculated peak formation in the presence of scattered pentagonal (5) and heptagonal (7) defects (full relaxation mode). (b) Ridge-like
deformation from regular pentagonal—heptagonal defect distribution. (c) Computed flattening effect generated by the van der Waals attraction to the
substrate. Reprinted with permission from ref. 173. Copyright 2010 American Chemical Society.

STM has been successfully employed to characterize line defects
and the design of graphene sheets with specific line defects has
been reported.'®””®78 In particular, deposition of graphene on a
Ni(111) surface results in the formation of various line defects
corresponding to the different orientations of graphene on the
metallic surface, and the material produced in this way can be
transferred to other substrates upon dissolution of the Ni layer."®”
Migration of grain boundary defects in graphene has also been
observed atom-by-atom using AC-HRTEM.'”® The migration takes
place when a significant curvature of the boundary is present.

The presence of line defects and grain boundaries influ-
ences the mechanical properties of the material. Graphene
sheets can be strengthened or weakened by the presence of
line defects, depending on their density and arrangement (see
Fig. 18). According to molecular dynamics (MD) and DFT
calculations, for both zigzag- and armchair-oriented graphene
layers the strength of the sheet increases with the angle of the
grain boundary, because the strain induced in the structure

o

containing the line defect decreases with the increase of such
an angle. However, if the distribution of the defects is not
regular, the opposite behavior can be observed, in which the
grain boundary induces weakening of the structure.'8*'%!

Grain boundaries on graphene also affects the electronic
properties of the material. Computational studies combined
with STM and scanning tunneling spectroscopy (STS) on
graphite have pointed out the main superlattice periodicities
of the line defects and have identified grain-boundary structures
of low formation energy.'®>'®* Moreover, STS measurements of
structures with specific superlattice periodicity have shown the
presence of two localized states at positions of —0.3 and +0.4 V,
respectively. These strong states, which were not detected on
pristine graphite, extend to a distance up to 4 nm."*>

3.2. Magnetism of defected graphene

Defect-induced magnetism in graphene is well documented,
with the experimental roots around the turn of the millennium

Fig. 18 Starting phase of structural failure in (a—c) zigzag-oriented and (d—f) armchair-oriented graphene upon strain applied perpendicularly to the
grain boundary defect. Reprinted with permission from ref. 181. Copyright 2010 American Association for the Advancement of Science.
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Fig. 19 Magnetic moment of graphite samples (sample holder sub-
tracted) after different irradiation conditions (O = first irradiation stage,
* = second irradiation stage, ® = third irradiation stage, and V = fourth
irradiation stage). Reprinted with permission from ref. 103. Copyright 2003
American Physical Society.

when the studies on irradiated graphite by Esquinazi et al.*** "%

appeared alongside analogous works focused on other carbon
allotropes.>>'#*'% The proton irradiation of pyrolytic graphite at
high energy and different doses in these early studies showed
triggering of magnetic ordering (i.e., of FM and AFM nature).
Moreover, this magnetic ordering appeared to be stable at room
temperature.'” Measurements of the magnetic moment with
the applied field parallel to the graphene sheets produced
different magnetic responses depending on the intensity and
dose of the irradiation (see Fig. 19). A similar result was
obtained with the magnetic field oriented perpendicularly to
the graphene plane. Soft X-ray dichroism technique on irradiated
graphitic material suggested that the observed ferromagnetism
originated only from the m-electrons.'®® A substantial part of
these early works was dedicated to the assessment of the
influence on magnetism by possible metallic (Fe-based in
particular) impurities. While this factor dictated in some case
the retraction of the study,'®*>"®” it became soon clear that the
observed magnetic ordering was in most instances an intrinsic
property of the material and not due to external impurities, and
consequently several works focusing on the explanation of this
behavior were published.

Vacancies and H chemisorption have been in particular
investigated as the source of magnetism in defected graphene.
As pointed out in several theoretical studies, magnetic moments in
the presence of vacancies are due to the formation of localized
states at Er because of the lattice distortions generated by the defect
and consequent electron—electron interactions,*>*78%116:125,188,189
In the case of single vacancies, the single dangling bond formed
upon reconstruction of the defect contributes to the creation of
an intrinsic magnetic moment (see Fig. 20).*>*” The quantifica-
tion of this magnetic moment covers values between 1 and 2 i
depending on the type of calculations performed and the
evaluation of the effect of surrounding defects,*”-'"*138190-194
In particular, different results between the calculations based
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Fig. 20 Graphene single vacancy: (a) theoretical spin-density distribution
(C atoms of the two different sublattices are represented by empty
and filled circles, respectively); (b) corresponding simulated STM image;
(c) density of states for n = 4. Reprinted with permission from ref. 47.
Copyright 2007 American Physical Society.

on periodic LDA or GGA functionals and those in which
hybrid functional methods like B3LYP-D* were used have been
reported.”® The average magnetic moment of 1.5 ug for a single
vacancy is the result of the sum of the 6 component related to
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Fig. 21 (a) LDOS as a function of voltage and position (blue line in image
(b)) of a graphite vacancy, (b) STM image of the defect, and (c) r 2 decay of
the intensity of the resonance. Reprinted with permission from ref. 125.
Copyright 2010 American Physical Society.

the newly formed C-C bond upon reconstruction, of value 1 ug,
and the m component ascribed to the dangling unsaturated
bond. The formula (1 + x) ug for the total magnetic moment of
the defect has been proposed, where the x value is subjected to
the variations ascribed to the chosen model. The evaluation of
the competition between the symmetric planar configuration of
the single vacancy and the nonplanar reconstruction is also
responsible for the spread values reported, with metastable
states corresponding to local energy minima also taken into
consideration,***>

STM measurements supported by calculations have proved
to be a powerful instrument for the detection of magnetism in
graphene with vacancies. Through this technique, it has been
shown in correspondence to the Fermi energy at the vacancy sites
a sharp electronic resonance, thus confirming the theoretical
studies (see Fig. 21). Moreover, differential conductance measure-
ments have indicated that the magnetic moment generated by
defects in a surface graphitic layer is influenced by the presence of
the layers underneath."*

Studies on graphene with monovacancies synthesized on
metal foils, for instance on Rh or Pt, have supplied important
information about the magnetism of the defected 2D material.
In particular, the contribution of the n electrons to the local
magnetic moment generated by a single carbon vacancy in
graphene, connected to the presence of two spin-split density-
of-states peaks located in the proximity of the Dirac point,
has been assessed by STM and STS.'® Spectra collected at
decreasing distance from a monovacancy on graphene on Rh
foil reveal the appearance of a resonance peak, that splits into
two states for distances from the vacancy <0.6 nm, in agree-
ment with theoretical studies (see Fig. 22).*” Remarkably, the
detected spin-split states are still present even at energies
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Fig. 22 STS spectra of graphene with monovacancy: (a) appearance of a
spin-split resonance peak at decreasing distances from the vacancy. The
two top spectra are measured in correspondence to the A and B atoms
shown in the inset, respectively; (b) spin-split resonance peaks of five
different vacancies. Reprinted with permission from ref. 196. Copyright
2016 American Physical Society.

distant from Er. According to first-principles calculations, n- and
p-doped graphene should also present the spin-split states.

In order to find ways to tune the magnetism of defected
graphene, the application of various types of strain to graphene
with monovacancies has been investigated. In the case of shear
distortion, a DFT study has shown that reversible electronic
transition between two magnetic states is achieved when a
deformation of a shear angle of 1 degree is applied. The
magnetic moment undergoes a variation of 0.8-1.2 up depending
on the size of the calculated supercell and remains nearly
constant at deformations >1 degree. This behavior is attributed
to the breakage of the local symmetry of the monovacancy
induced by the shear distortion, influencing both the ¢ and
7 bands of the states of the vacancy (see Fig. 23)."”” On the other
hand, strain applied in the form of compression up to 2% to
graphene with a single vacancy can result in the weakening and
eventually disappearance of magnetism together with the for-
mation of ripples, thus showing a correspondence between local
curvature and magnetism. With the application of compressive
strain of 3% and above, the rippling leads to a reconstruction of
the defect, with formation of two pairs of deformed pentagons
and hexagons and no magnetic behavior (see Fig. 24)."%

The number and location of the vacancies also play a major role
in the establishment of a magnetic moment. Due to the bipartite
structure of the graphene lattice, the presence of vacancies
solely on one sublattice leads to FM coupling, whereas a defect
distribution on both sublattices results in AFM coupling (see
Fig. 25).*” Models have therefore been proposed in order to
predict and tune the magnetic moment in systems with multi-
vacancies through manipulation of the position of the defects
and n- and p-doping.'972

For experimental evidence such as the magnetism of irradiated
graphite, the simple vacancies alone are not the main source
for this property due to their likely annihilation taking place via
the interaction with adatoms and interstitials.*”"'® A source
of defect-related magnetism is the presence of H atoms chemi-
sorbed on the graphene lattice. As mentioned before, the
bonding with H by a graphene C atom without vacancy removes
the p, orbital of that atom from the n-system of the graphene
lattice, thus creating the same effect of a C vacancy but without

This journal is © The Royal Society of Chemistry 2018
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Fig. 23 (a) Representation of the reversible change of magnetism of a
graphene sheet with single vacancy upon shear deformation. (b) Variation
in magnetic moment of graphene supercells of different sizes under shear
deformation of 0—5° compared to pristine graphene (initial angle = 60°,
see inset). Reprinted with permission from ref. 197. Copyright 2017

Macmillan Publishers Limited.

the presence of unsaturated bonds. The H chemisorption
brings the C atom bonded to H slightly out of plane and
generates a small displacement of the surrounding portion of
lattice.*”"** STM experiments (see Fig. 26) have shown that the
adsorption of a single H atom contributes to the formation of a
magnetic moment, and that interaction due to direct exchange is
possible. In agreement with the theory and with works dealing
with monovacancies,””'*® two spin-split states have been detected,
but in the case of H chemisorption they are visible only in the
vicinity of Er and they do not survive n- or p-doping.'**
Theoretical and experimental studies have pointed out that
if two H atoms adsorb in the same sublattice then FM coupling
takes place, whereas the absorption in two different sublattices
leads to a non-magnetic interaction, with the non-magnetic
configuration being the one of lower energy.'** By manipulating

P
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Fig. 25 Theoretical spin-density distribution in graphene with two defects
on the A-sublattice (empty triangles) and one on the B-sublattice (filled
triangle). Reprinted with permission from ref. 47. Copyright 2007 American
Physical Society.

the number of H atoms chemisorbed in the two different
sublattices, the corresponding variations in the net magnetic
moment have been detected.'*® In the case of graphite, H
adsorbed via irradiation at low fluence has been evaluated
together with the H already present in the sample. It has been
reported that the magnetic moments formed undergo FM
coupling with Curie temperatures above 300 K.>°* The triggering
of ferromagnetism in multilayer materials has been attributed
to the stacking order of the layers upon irradiation. This can
generate a mechanism by which the graphene sublattices
become inequivalent depending on the position of chemisorbed
H in the underlying layer.**>%°

Chemisorbed hydrogen can be present as a single type
of defect or associated with vacancies, in which case it is
bonded to the carbon atom that carries the dangling bond
upon reconstruction. The influence of adsorbed hydrogens
in association with vacancy defects can impart half-metallic
properties to graphene. This half-metallicity depends on the
number of C atoms intercalated between two H atoms, appearing
only when this number is odd. The magnetism in these systems
is mainly regulated by the p, orbitals of the C atoms surrounding
the vacancy.*®?

Among other experimental techniques, muon spectroscopy
has also been employed to study the origin of magnetism in
graphene.”® Muon spectroscopy is a very powerful spectroscopic
technique as muons are very sensitive probes of local magnetic

Fig. 24 (a) Rippling of a graphene sheet with vacancies (with highlighted 10 x 10 supercell) upon compression of 1.2%. The inset shows the resulting
geometry of the vacancies. (b) Vacancy reconstruction upon an isotropic compression just below 3%. Reprinted with permission from ref. 198. Copyright

2012 American Chemical Society.
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Fig. 26 Chemisorbed H on graphene: (a) conductance map obtained by the STM technique; (b) STM topography; (c) comparison between the values of
the local magnetic moment computed by DFT calculations and the heights of the occupied projected density-of-states peak; (d) magnetic moments
(calculated) generated by the chemisorbed hydrogen; (e) schematic representation of the structure of graphene along the dashed line shown in panel (b).
The green (purple) balls denote the positions of carbon atoms that are part of the same (opposite) sublattice with regard to the site of H chemisorption.
The dotted line then shows the profile of the height corresponding to the measured occupied peak; the arrows denote the relative contribution to the
magnetic moment of each carbon atoms. The STM measurements were performed at a temperature of 5 K. Reprinted with permission from ref. 143.

Copyright 2016 American Association for the Advancement of Science.

fields and can interact with hydrogen. In particular, the muons
which are, after being thermalized, implanted into graphene
can capture an electron to form the atom “muonium” (Mu).
In defective graphene, the muon precession was found to
originate from the nuclear dipolar interaction with a single
proton, located at a distance of 1.7 A from the muon. As the
amplitude correlates with the density of defects in graphene,
increasing drastically after hydrogenation of graphene samples,
formation of a CH-Mu group is suggested to occur, which is stable
up to 1200 K. However, these results exclude the presence of
magnetic ordering evolving in the chemically derived defective
graphene systems. Nevertheless, as strongly highlighted in a
muon spectroscopic study, these conclusions do not automatically
rule out the appearance of magnetism in other experimentally
proven cases such as proton-irradiated graphite, synthesized
small graphene fragments or graphene nanoribbons.>**

From the point of view of the magnetic properties, the TSW
defects do not create sublattice imbalance in the graphene
structure since they do not involve loss of atoms, thus according
to Lieb’s theorem,'® S = 1/2(N, — Ng) = 0, and no magnetization
is expected.®® However, the TSW defects can perturb the
magnetic state of the lattice via interaction with other defects

3916 | Chem. Soc. Rev., 2018, 47, 3899-3990

such as adsorbed hydrogen atoms,?*® and they can be a source
of magnetism in size-confined systems.>*®

The presence of grain boundaries has been proposed as a
reason for the magnetism of defective highly oriented pyrolytic
graphite (HOPG).*® At the 2D array of point defects due to the
grain boundary, localized electron states take place together
with self-doping, with establishment of ferromagnetism.
The magnetic moment associated with the defect has been
evaluated to be 0.2-1.5 ug, for distances between defects ran-
ging from 0.5 to 4 nm. Similar considerations have been drawn
for single graphene sheets. In the presence of line defects
generated by repeating V,(5-8-5) defects, the presence of
magnetic ordering and self-doping has been detected using
first-principles calculations.>®” The evolution of the electronic
structure as a function of the distance between the defects
was studied, and the establishment of magnetic ordering and
n-doping on the graphene sheets with reduction of the distance
was found. The formation energies and spin distribution of
systems with different number of zig-zag chains (N) between
the two central carbon atoms of the pentagonal-octagonal
periodic defects (C,) have been evaluated, with detection of
three stable magnetic configurations (see Fig. 27).
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Fig. 27 Spin-density distribution for N = 6 showing FM, AFM and FM
ordering at the line defect but AFM ordering in the surrounding line defect
(L-AFM) arrangements (red color: isosurfaces of spin-up density; blue
color: isosurfaces of spin-down density). Reprinted with permission from
ref. 207. Copyright 2015 American Physical Society.

Ab initio calculations based on CVD-grown graphene
have shown how small C-rings, made of three or four units,
can initially form at the boundary region of two graphene
fragments.”°® The fusion of these small rings with larger ones
leads to the formation of periodic defects in which high
localization of electrons takes place, with establishment of
net magnetization. The bipartite structure of the graphene
lattice collapses at the line defect, thus the magnetization
observed at the boundary cannot be attributed to lattice
inequality as seen, in agreement with Lieb’s theorem, in the
case of other types of defects. Moreover, selected application of
strain along extended line defects can tune the magnetism
induced by the defects. In particular, calculations have shown
that tensile strain applied along the zigzag direction of the
defect can enhance the magnetism and its stability, up to a
certain critical value that however does not correspond to
structural breakage. On the other hand, tensile strain applied
along the armchair direction induces an immediate reduction
of magnetism, up to breakage of the structure.**®

4. The role of confinement and edges
on emergence of magnetism in
graphene

Confining graphite spatially is widely considered as a pioneering

strategy to imprint magnetic features into all-carbon materials. It
is an approach proposed before the first isolation of graphene;
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Fig. 28 (a) Two ways of cutting a graphene sheet with a formation of
zigzag or armchair edged graphene. (b) Zigzag and armchair edges with
the A- and B-sublattice indicated and an arrow denoting the pseudospins.
Panel (b) reprinted with permission from ref. 212. Copyright 2013 Wiley-
VCH Verlag GmbH & Co. KGaA.

the confined species of carbon were termed nanographenes
or nanographites (i.e., stacked nanographene sheets) and
their magnetic properties were covered in the review papers
by Enoki and Takai,>'® Enoki et al.,*** and Enoki.>'* Currently,
three spatially confined carbon forms derived from graphene
are recognized: (i) graphene nanoribbons, (ii) graphene nano-
flakes, and (iii) graphene quantum dots.

The theoretical calculations predict that the magnetism
of finite size graphite/graphene strongly depends on its
shape. If a sheet of graphene is cut into two pieces, two types
of edges can be formed, i.e., a zigzag or an armchair edge
(see Fig. 28), thereby modifying its electronic band structure.
Graphene with zigzag and armchair edges mimics the structure
of trans- and cis-polyacetylenes, respectively. The resulting
edges can be terminated by hydrogen or any foreign atom to
create edges without o-dangling bonds, i.e., saturating the edge
structure and promoting its stabilization. As graphene can be
represented by the two sublattices in its unit cell, the zigzag
edge involves sites only from one sublattice while both sub-
lattices are paired along the armchair edge. Following the
theoretical predictions, zigzag edges are manifested as non-
bonding m-electron edge states with an energy level appearing
at the contact point of the m- and m*-bands; the presence
of such states was documented by several experimental
studies.”®?'*13217 These states are absent in the case of
the armchair edges. The edge states along the zigzag edges
emerge due to the broken symmetry of the pseudospins. The
unpaired electrons (with S = 1/2) in the non-bonding n-orbital
of the zigzag edge are localized, thereby forming a strongly
spin-polarized region. As a result, the finite-sized graphene
becomes magnetic.
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Fig. 29 Triply degenerate Clar's representations of graphene. The unit cell of the honeycomb lattice is manifested by a parallelogram that has two

independent sublattice sites.

In this context, Clar’s aromatic sextet rule**®* can be con-

sidered in order to describe the electronic stability of aromatic
molecules. Its concept can be extended to graphene in the limit
when the size of the graphene systems becomes infinite. The
sextet rule states that a molecule that has the maximum number
of sextets is more stable. Thus, every three hexagons in the
honeycomb lattice of graphene would give rise to one sextet
forming a triply degenerate superlattice as shown in Fig. 29. As
the sextets are placed only on 1/3 of the hexagon rings, it implies
that graphene is less stable, which leads to an electronic activity
of the graphene sheet. The electronic properties of graphene
sheets then get modified based on the type of edges they carry
after being cut into pieces.>'> Graphene with the zigzag edges
(represented as, e.g., triangular and linear molecules with zigzag
edges, see Fig. 30) is described by a fewer number of sextets
while for graphene with armchair edges (represented as arm-
chair molecules, see Fig. 30), the sextet rule gives a larger
number of sextets. Hence, graphene with armchair edges is
energetically favored in comparison to that having zigzag edges
featuring unpaired electrons of m-origin. In the case of zigzag-
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Fig. 30 Clar's representation for (a) armchair-edged molecules, (b) zigzag-
edged triangular molecules, and (c) zigzag-edged linear molecules. The
right structure of panel (b) displays the spatial distribution of the local density
of states in a zigzag-edged triangular molecule with six hexagons. The
numbers in () and [] represent the number of sextets and unpaired
electrons, respectively. The spin state of the particular structure is given
by s. Reprinted with permission from ref. 212. Copyright 2013 Wiley-VCH
Verlag GmbH & Co. KGaA.
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edged graphene (see Fig. 30), the unpaired electrons exist in
the non-bonding m-orbitals. Following Hund’s rule, it can be
readily shown that the triangular molecules that have 3, 6, and
10 hexagon rings behave in an FM manner due to the presence
of 1, 2, and 3 unpaired electrons, respectively. In contrast,
linear molecules (see Fig. 30) show an AFM state, as the
interaction between the spins is of an AFM character. The final
ground magnetic state of the system is then determined
by the dominance of the nature of the interaction among
these edge states (i.e., non-bonding states).>'> The theoretical
and experimental results on various nanographenes’ sizes
and shapes confirm that magnetism in graphene emerges
largely due to the m-electrons forming strongly spin-polarized
edge states. In addition to the edge states, the defects of the
o-electron nature in graphene can give rise to localized spins.
For instance, non-bonding carbon atoms can be created
by virtue of any chemical attack or ion bombardment on the
n-electron conjugated network of the graphene sheet. This
can also result in magnetic graphene due to the c-dangling
bond with a localized spin (S = 1/2). Thus, a variety of magnetic
states can be expected due to the simultaneous presence of
defects and edge states. In the past few years, there have been
more efforts devoted to understanding the basic difference
between the edge states and the o-dangling bonds that have
helped in comprehending the origin of magnetism in carbon
nanostructures.®*'972??

As already mentioned in Sections 2 and 3, Lieb’s theorem"*°
can be helpful in computing the spin state of graphene,
ie, S = 1/2(Ny — Ng), where N, and Np are the number of
spins in the A- and B-sublattice. It can then be readily confirmed
that the armchair-edged nanographene is non-magnetic while its
zigzag-edged counterpart displays a magnetic ordering of either
FM or AFM nature depending particularly on its geometry. The
edge-state-driven magnetism is then described by the mean-
field Hubbard Hamiltonian given as (see Section 2)*'*

H=—t Z (cicjo +hec) + UZ(nn (miy) +mig(n)), (9)

(idye i

where the first term is the single-orbital Hamiltonian (with
t indicating the transfer integral between neighboring i-th and
J-th sites belonging to the A- and B-sublattice, respectively) and
the second term stands for the on-site Coulomb interaction.
As clearly seen, the appearance of the second term implies
formation of magnetic moments. When solved, for example, for
triangular-shaped nanographene with all the three edges of
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zigzag character, a spin gap emerges around Ey, showing a spin
polarization in the edge-state spins (i.e., imbalance in spin
channels 1 and |). Spins sitting on the A-sublattice are oriented
in an antiparallel manner to that on the B-sublattice; they are
well localized near the zigzag edges and their strength rapidly
decays from the edge to the interior of the triangular-shaped
nanographene. At edges, atoms belonging to only the A-sublattice
(or B-sublattice) are present, implying that the spins at the edges
show parallel arrangement. Hence, the FM structure evolves with
a non-zero spontaneous magnetization. For hexagonal-shaped
nanographene with all the six edges of zigzag nature, spins with
orientation 1 sit along three edges while spins with orientation |
occupy the other three edges. As spins on the adjacent edges
are oriented opposite to each other, the AFM structure is estab-
lished over the hexagonal-shaped nanographene with no
spontaneous magnetization. The expected magnetic behavior
of both triangularly- and hexagonally-shaped nanographene
sheets coincides exactly with the prediction from Lieb’s
theorem. Here, it should be highlighted that due to a weak
spin-orbit interaction in carbon (~5 cm™'), edge-state spins
are weakly anisotropic. Then, the edge-state-driven magnetic
structure is predicted by treating nanographene in the approxi-
mation of a weakly anisotropic Heisenberg spin system in a
low-dimensional lattice.”"

For an arbitrarily-shaped sheet of nanographene with a
combination of armchair and zigzag edges (see Fig. 31), a
ferrimagnetic (FIM) structure is supposed to be established.
In particular, two interaction pathways between edge-state
spins are recognized: (i) intra-edge interaction between spins
lying along the same edge and (ii) inter-edge interaction
between spins on opposite edges.>'* The intra-edge exchange
interaction (expressed by the exchange integral J,) is strong
and is of FM character (J, ~ 10° K). The opposite FM edges
can magnetically communicate by an inter-edge interaction
(expressed by the exchange integral J;) mediated by the con-
duction m-electrons. The inter-edge interaction is moderate
(J1 ® 10-100 K) and can be of either FM or AFM nature
depending on the mutual geometrical relationship between
the two zigzag edges. The competition between the strong

Fig. 31 Schematic representation of an arbitrarily-shaped sheet of nano-
graphene showing the spatial distribution of edge-state spins (with blue
filled arrows). Jo and J; denote the intra-edge and inter-edge interactions,
respectively. The white open arrow represents the net magnetic moment
given as a vector sum of FM moments sitting on the zigzag edges.
Reprinted with permission from ref. 212. Copyright 2013 Wiley-VCH Verlag
GmbH & Co. KGaA.
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Fig. 32 Schematic representation of nanoporous activated carbon fiber
with the localized edge-state spins sitting on the zigzag edges. The
organization of hanographite domains in the activated carbon fiber favors
the formation of a nanopore. Reprinted with permission from ref. 212.
Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.

intra-edge FM interaction and moderate inter-edge FM/AFM
interaction, the strength of which is affected by the parti-
cular shape of the nanographene sheet, is then expected to
stabilize the FIM structure with a nonzero spontaneous mag-
netization as antiferromagnetically coupled FM spin clusters
are compensated.*'"*"

If the edges are fluorinated, spins located at zigzag edges are
reduced. In contrast, if the zigzag edge on one side of the
nanographene ribbon is dihydrogenated while the zigzag edge
on the opposite side of the nanographene ribbon is monohy-
drogenated, a fully localized non-bonding state is supposed to
appear around Ep; all the carbon atoms are spin-polarized even
in the interior of the nanographene ribbon.*'* Another example
involves oxidation of one side with the zigzag edge; in such a
case, the side with the monohydrogenated zigzag edge is
magnetic while the side with oxidized edge forms an electron
conduction pathway. Thus, roles of edges can be tuned by their
chemical modification (see below).*"*

If nanographites with the localized spins at the edges form a
network (known as activated carbon fibers, see Fig. 32), a spin-glass
behavior is observed maintained by the m-conduction electron-
mediated interaction between the edge-state spins, similar to
the s-d interaction in traditional metallic magnets.*!"?'>2**
It was found that the adsorption/desorption of water into the
micropore space in the networked nanographite domains
reduces/enhances the effective magnetic moments of the
edge-state spins, which was explained in terms of encouraging
the exchange interaction among the edge-state spins on the
adjacent nanographene sheets by reduction of the inter-sheet
distance caused by the internal pressure of water, eventually
squeezing the nanographite domains. Such a phenomenon
seems very promising in detection of guest molecules which,
upon physisorption, switch on/off the magnetic response of the
networked nanographite domains.>**?*?

4.1. Graphene nanoribbons

Graphene nanoribbons (GNRs) are strips of graphene sheets
with a finite width not exceeding 50 nm (usually with a high
aspect ratio).> They are classified as quasi-one-dimensional
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carbon nanoallotropes and are often adopted as a theo-
retical model system to describe and understand the role
of edge and finite-size effects on the physical properties of
graphene.?'>?2>22¢ Currently, they are viewed as a prototypical
example to study both theoretically and experimentally the role
of various defects in the evolution of self-sustainable magnetic
ordering in graphene.

Currently, three main approaches are used to synthesize
GNRs, ie., (i) cutting from graphene employing lithographical
procedures or catalytic particles, (ii) bottom-up synthesis
from polycyclic molecules, and (iii) unzipping the carbon
nanotubes.>**”**° With lithographic techniques, GNRs can be
prepared by etching the exfoliated graphene flakes, graphene
grown on metallic surfaces by chemical vapor deposition or
epitaxial graphene on SiC. However, smooth edges are difficult
to achieve even if other techniques are used such as TEM, STM
or atomic force microscopy. Moreover, the yield of lithographic
techniques is low. Alternatively, graphene can be cut by catalytic
particles such as Fe or Ni in the presence of a hydrogen
atmosphere. The problem is faced with unpredictability of
cutting directions, resulting thus in a wide variety of shapes of
graphene nanostructures. Recently, plasma etching was suggested
as a tool providing engineering of the edge termination. The
chirality of the edge segments was found to strongly depend on
the initial chirality of the GNR itself, local environments, and out-
of-equilibrium nature of the hydrogen plasma etching. By plasma
etching, the edges are flat without structural reconstructions
and terminated with hydrogen atoms preventing any hybridiza-
tion of the outermost carbon edge atoms.>*°

Bottom-up syntheses of GNRs are based on growing them
from molecular precursors.*! They involve several steps, starting
from monomeric precursors which react at the surface of an
appropriate catalytic metal. Upon sublimation at a modestly hot
metallic surface (with a temperature of ~200 °C), polymer chains
are formed. Dehydrogenation/cyclization of polymer chains at
higher temperatures (~400 °C) results in the formation of GNRs.
They are very narrow with a narrow size distribution and show an
atomically precise edge configuration. However, in bottom-up
synthetic procedures, metallic substrates are always required,
limiting thus a bulk production of GNRs. This approach has
not been fully explored yet and is widely viewed as a synthetic
technique with future advancements.

The third approach to prepare GNRs involves unrolling or
unzipping multi-walled carbon nanotubes. Several strategies to
unzip multi-walled carbon nanotubes have been reported so
far (see Fig. 33);**” most of them exploit solution-based
processes. The edge structure and crystallinity of GNRs were
found to depend on various parameters such as the degree of
nanotube crystallinity and uniformity in the length, diameter, and
number of layers of carbon nanotubes. GNRs from unzipped
carbon nanotubes can be produced in high yields with significantly
lower costs compared to the other two approaches. However, as
GNRs are prone to stack due to van der Waals interactions, setting
of suitable conditions for their large-scale production should be
carefully considered in order to avoid agglomeration, entangle-
ment, and wrinkling of graphene strips.
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Fig. 33 Various strategies exploited for the preparation of GNRs involving
unrolling or unzipping the carbon nanotubes: (a) intercalation/exfoliation
of multi-walled carbon nanotubes by unzipping them by treatment in
liquid NHz and Li, followed by exfoliating the graphene strips by HCl and
heat treatment; (b) chemical procedures involving oxidizing agents
(e.g., KMnOy4, H,SO4) which break the C-C bonds; (c) catalytic cutting of
multi-walled carbon nanotubes by exposing to metal nanoparticles
(e.g., Fe, Co, Ni) facilitating cutting of the carbon nanotubes along their
length; (d) electrical cutting with an electrical current applied through the
carbon nanotube; (e) physicochemical approach involving embedding of
multi-walled carbon nanotubes in the polymer matrix, followed by etching
the walls by an Ar plasma. Reprinted with permission from ref. 227.
Copyright 2010 Elsevier Ltd.

Two canonical types of GNRs are recognized depending on
the geometrical termination of their edges, i.e., armchair and
zigzag GNRs.” The edge pattern is defined considering the GNR’s
orientation with respect to the graphene lattice. From the
geometrical aspect, armchair and zigzag edges are configura-
tions with a high symmetry. In the case of zigzag GNRs, the edge
consists of two sides of each hexagon resembling the periodic
triangular appearance (see Fig. 34).” For armchair GNRs, the
edge is formed by the hexagonal sides with adjacent hexagons
contributing alternatively with one and three sides in a periodic
manner (see Fig. 34).°> The width of armchair GNR is defined by

Armchair
graphene nanoribbon

Zigzag
graphene nanoribbon
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Fig. 34 Structures of the armchair and zigzag GNRs with their width given
by the number of dimer lines (N,) and zigzag chains (N,), respectively.
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the number of dimer lines (N,) while for zigzag GNR, the width
is given by the number of zigzag chains (N,; see Fig. 34).° All
other ordered orientations are of chiral nature. Here, it should
be stressed that the carbon atoms sitting at the edge are not
saturated. In the case of armchair GNRs, no edge reconstruc-
tions occur as the armchair edges are stable, hence preserving
the planar patterns. However, zigzag edges are metastable under-
going spontaneous reconstructions even at room temperature.
A pattern consisting of a pentagon and heptagon formed upon
transformation of two hexagons was suggested as a potential
reconstruction of the zigzag edge, resembling the appearance
of an edge cut through a Haeckelite structure of a line of the
SW defects. Thus, hydrogen atoms are often introduced to
saturate the carbon atoms at the zigzag edge to preserve
the planar structures of zigzag GNRs.” Moreover, a partial
hydrogenation was theoretically identified to produce narrower
GNRs from their wider counterparts.>*> The hydrogenation
proceeds from the edges to the interior of GNRs, maximizing
the number of carbon-carbon n-n bonds; the adsorption of
hydrogen is of alternating nature skipping from one edge to
another edge, terminated once all the hydrogen atoms available
are adsorbed. The theoretical calculations imply that partially
hydrogenated GNRs show similar electronic and magnetic
features compared to those of narrow GNRs, which represent
their graphene parts.**>

It has been shown by tight-binding calculations that the band
structure of GNRs depends heavily on the edge termination.>*?
Armchair GNRs are predicted to behave as semiconductors with
an extremely low carrier effective mass and a finite band gap
which increases with a decrease in the width of the nanoribbon.
Based on the size of the energy gap and its dependence on the
nanoribbon’s width, armchair GNRs can be classified into three
families with N, = 3p, N, = 3p + 1, and N, = 3p + 2, where p is an
integer (see Fig. 35).>*® It is believed that the semiconducting
behavior of armchair GNRs is driven by the quantum confine-
ment effect together with a significant role of edge effects. As
the carbon atoms sitting at the edge of armchair GNRs are
passivated with hydrogen atoms, distinct bonding of carbon

0 10 20 30 40 50
w, (A)

Fig. 35 Variations in band gaps for armchair GNRs as a function of their
widths (w,). Reprinted with permission from ref. 233. Copyright 2006
American Physical Society.
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atoms at the edge is expected compared to that of carbon
atoms in the interior. The carbon atoms at the edge show bond
lengths shorter than those of carbon atoms in the interior of
the armchair GNR, eventually opening its band gap. More
importantly, the theory predicts that the electronic structure of
all three classes of armchair GNRs is more or less similar,
with the presence of four important subbands.?** Their origin
stems from m-bonds of carbon atoms; as they have different
shapes, it is possible to alter them by external stimuli, further
tuning the electronic structure and, hence, physical properties of
armchair GNRs. However, unmodified armchair GNRs are not
magnetic.>*® If the number of layers is increased, multilayered
armchair GNRs fall into three classes, i.e., two semiconducting
and one metallic. For a given width, the band gap in multilayer
armchair GNRs is expected to be smaller than that in their
bilayered counterparts.>*

Similar to armchair GNRs, zigzag counterparts show a direct
energy gap, behaving in a metallic or semiconducting manner
depending on the edge spin orientation. More importantly,
their electronic structure is described by a set of doubly
degenerate flat edge-state bands appearing at Eg, resulting in
a large density of states at Ep.>**?*® At Ey, the peak of density
of states is half-filled, implying emergence of the Stoner
instability, a prerequisite for evolution of magnetic states. If
spin degrees of freedom are introduced into the theoretical
calculations, a magnetic insulating ground state was predicted
for zigzag GNRs with FM ordering at the edge and antiparallel
spin orientation between the two edges;*****® moreover, the
intra-edge FM correlations were proposed to be significantly
strengthened by the on-site Coulomb interaction.>®” The band
gap is inversely proportional to the width of zigzag GNRs
identically as in the case of their armchair analogues. The
generated spin states are located mainly at the edges on carbon
atoms (see Fig. 36);** the moments sitting on the edge atoms
were predicted to be weakly dependent on the width of the
nanoribbon, implying that the dependence of the band gap on
the width of the nanoribbon results purely from the quantum
confinement of orbitals.>*® The evolution of spin-polarized
edge states is more energetically favored compared to non-
spin-polarized solutions; upon an increase in the width of

0
w, (A) k(1/d))

Fig. 36 (a) Spatial modulation of spin density for zigzag GNR with N, = 12.
(b) Band structure of zigzag GNR (with N, = 12). The spin states in the A- and
B-sublattice are degenerate in all the energy bands. 42 and 42 represent the
direct band gap and the energy splitting at kd, = =, respectively. (c) Profile of
AS and 42 with the width (w;,) of zigzag GNRs. Reprinted with permission
from ref. 233. Copyright 2006 American Physical Society.
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zigzag GNRs, the energy difference between the spin-polarized
and non-spin-polarized edge states increases. The existence of
spin-polarized edge state is further encouraged by FM coupling
along the edge.”** The temperature dependence of the electron
paramagnetic resonance linewidth implies that the edge-state
spins are strongly coupled with the conduction r carriers.”*® It
is believed that the edge states can withstand potential fluctua-
tions due to electron-electron interactions. However, if the
potential disorder is strong enough, electron-hole puddles
(i.e., inhomogeneous charge distributions) evolve inducing a
magnetic transition when the coupling between the opposite
zigzag edges is switched from AFM to FM character. The
electron-hole puddles are formed as a consequence of a local
breaking of charge neutrality.”’® In general, the difference
between FM and AFM inter-edge coupling decreases with an
increase in the width of zigzag GNRs, becoming negligible once
the width significantly exceeds the decay length of spin-
polarized edge states. The energy gaps in zigzag GNRs are
believed to emerge as a result of staggered sublattice potentials
from magnetic ordering. In other words, it can be inferred that
the band gap stems from the exchange difference on the two
sublattices of the graphene lattice. Moreover, it turns out that
the spins occupying the A- and B-sublattice are degenerate in
all the bands and show identical band gap.>*® For bilayered
GNRs (i.e., two identical graphene strips in a layered structure),
the magnetic ordering at the edge atoms is predicted to
disappear due to coupling of edge states between the top and
bottom layers for particular stacking configurations. For
various stacking arrangements, different band gaps and edge
magnetizations are expected to evolve due to energy competi-
tion between inlayer and interlayer interactions, encouraging
stabilization of ground magnetic state of either non-magnetic
or FM or AFM origin. Moreover, metal-semiconductor transi-
tions and splitting of spin-up and spin-down states can also be
observed depending on the stacking configurations, spin
arrangements, and widths of GNRs.**"*** For example, if the
layers are shifted by 0.61 A (perpendicular to the ribbon’s axis),
such stacking of the two layers is favored in terms of thermo-
dynamics showing, however, a non-magnetic ground state. If the
shifts are larger than 1.42 A, AFM inlayer and interlayer states
develop, which are found to be the most stable among others.>**
In order to prevent losing magnetic ordering in bilayered zigzag
GNRs, the two layers must alternatively have different widths.
While edges at one side are pinched due to interlayer coupling,
resulting in no magnetic ordering, the edges at the other
side are coupled antiferromagnetically between the layers
analogously as in the case of opposite edges in the monolayered
zigzag GNRs.”** If placed in an external electric field, asym-
metric energy-gap opening for spin-up and spin-down occurs,
leading to a half-metallic behavior in bilayered zigzag GNRs
with different widths of layers.”** For multilayered zigzag
GNRs, the value of the gap then depends on the type of edge
alignment.>?*

However, the existence and stability of edge states were
heavily questioned by several theoretical studies. It was
proposed that edge states can be suppressed, weakened or even
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eliminated by three mechanisms, which include edge recon-
struction, edge passivation, and edge closure.>*> Moreover,
quantum fluctuations were identified to play an eminent role,
eventually ruining the long-range spin correlations by forming
rung singlets.>*® In particular, this happens in cases when
decoherence, which is affected by the environment interactions,
is slower than the quantum dynamics. Similarly, edge magnetic
moments are supposed to get reduced upon increasing the
strength of nonlocal Coulomb interactions when spin- and
charge-density fluctuations compete with each other.”*” As a
result, dispersion of the edge states is renormalized, eventually
generating a single-particle gap. However, no phase transition is
observed, indicating that FM coupling along the edges, encour-
aged by the on-site interaction, is not affected by the competing
short-range charge correlations, which are favored due to the
long-range Coulomb interactions.**” Suppression of spin polar-
ization and, hence, stability of spin states in GNRs were predicted
to occur for edge defects (e.g., vacancies) and impurities; upon
increasing their concentration, edge states at Er are reduced or
removed.>*® In particular, GNRs become non-magnetic if the
concentration of defects exceeds a critical value of ~0.10 A",
Moreover, the local edge spins can completely disappear once
two defects are positioned within a distance smaller than 3 unit
edge segments (see Fig. 37). In other words, a tiny randomness

Fig. 37 Isosurfaces of the charge difference between the spin-up and
spin-down states when vacancies are introduced at the edges of GNRs:
(a) edge vacancies separated by 5 unit edge segments; (b) edge vacancies
separated by 4 unit edge segments; (c) edge vacancies separated by 3 unit
edge segments. The range of isovalues is set at (—0.004, 0.004) ug A~%.
Reprinted with permission from ref. 248. Copyright 2008 American
Physical Society.
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Fig. 38 Evolution of effective FM intra-edge [J7(r)] and AFM inter-edge
[J*F(r)] interactions as a function of lateral distance (r) for a zigzag GNR with
a width of 10. The inset schematically shows the structure of the zigzag
GNR with some effective exchange interactions of the effective spin-
ladder model indicated. The circles correspond to the amplitudes of the
Wannier functions calculated for the two of these edge states on the
nanoribbon’s sites (one shown on the upper edge and one shown on
the lower edge). Reprinted with permission from ref. 249. Copyright 2017
American Physical Society.

in the edge structure can even ruin edge magnetism and spin
transport in GNRs.**®

Very recently, the issue of edge magnetism in zigzag GNRs
was theoretically addressed adopting the effective spin-ladder
models constructed within the large-scale quantum Monte
Carlo simulations; more specifically, zigzag GNRs are mathe-
matically described as two antiferromagnetically coupled FM
Haldane-Shastry spin-half-chains.>*® The results showed that
FM intra-edge interactions decay relatively weakly with a lateral
distance, r (proportional to 1/r%), while AFM inter-edge inter-
actions fade away much faster with r following the 1/r* power-
law (see Fig. 38). In addition, the quantum disordered region
appears if the strength of AFM inter-edge coupling exceeds a
finite critical value, determining a quantum critical point; such
a region was identified as a spin-gapped ground state of the
effective quantum spin model for chiral GNRs.>*° In other words,
upon increasing the strength of AFM inter-edge interactions, the
system undergoes a quantum phase transition from the gapless
state to the phase of quantum-disordered-region nature for
which dominant singlets are observed to form along the inter-
chain bonds.**

Experimentally, FM properties were observed for potassium-
split GNRs and oxidatively unzipped and chemically converted
GNRs;>*° in both cases, multi-walled carbon nanotubes were
used as a starting material for GNRs. FM ordering was found
to be self-sustainable up to room temperature for potassium-
split GNRs; for oxidatively unzipped and chemically converted
GNRs, vanishing of the FM response upon increasing the
temperature was explained in terms of potential reconstruction,
passivation, or closing by an oxidative unzipping process of
majority of edges. The analysis of magnetization data confirmed
clustering of spins with S = 1/2 in both types of GNRs. Moreover, a
co-existence of AFM regions with the FM structure was observed,
manifested by a non-zero exchange bias. The negative exchange
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bias was detected for potassium-split GNRs suggesting the
existence of smooth edges. From electron spin resonance (ESR)
spectra, carbon-related localized states were identified to be
responsible for the emerged magnetism.>*°

Besides extensively studied armchair and zigzag edge termi-
nations, the existence of other types of edge structures was
reported. These include extended Klein’s edges, cove edges,
and reconstructed edges. The extended Klein’s edge, predicted
theoretically and observed experimentally, is defined as an array
of single atom carbon atoms extending from a zigzag edge, ie.,
with an atomic site showing a n-orbital on the edge.”>' > The
Klein edges are favored to form among other edge terminations
in the tearing process of graphene; hydrogenated Klein’s and
reconstructed Klein’s edges were proposed to be energetically
favored over hydrogen-terminated zigzag edges, with stabilities
approaching those reported for the armchair edges.”®* It was
shown that if the Klein’s bearded bonds are partially attached to
the GNR with both armchair and zigzag edges, partial flat bands
appear at zero energy even for |[N, — Ng| = 0, which gives rise to a
spin polarization near the edge.>®® The cove-shaped GNRs con-
tain protruding phenyl rings along both edges and can thus be
described as alternating armchair and zigzag segments;>****”
however, the spin-polarized flat bands were found to emerge only
once modified with the Klein’s bearded bonds.>*®> Reczag edges,
already mentioned above and defined as the zigzag-57 edge
with alternating 5- and 7-membered rings (i.e., a structure with
two under-saturated carbon atoms moved adjacent to each
other), are energetically more stable than zigzag edges; in the
electronic structure, they are manifested as flat bands extended
around Ep, Le., a prerequisite for evolution of edge magnetic
moments.>*® Other reported edge geometries involve ac(677)
and ac(56) edges; the ac(677) edge structure is formed when the
two separate “armrest’” hexagons are merged into the adjacent
heptagons by the Stone-Wales mechanism while the ac(56)
edge motif is established upon diffusion of carbon atoms from
the distant armrests to the seat positions.>*® These recon-
structed armchair edges need more energy for stabilization
than pure armchair edges and are not magnetic.>®

The stability, edge states, and aromaticity of various types of
edges can drastically vary depending on the level of hydrogena-
tion (see Fig. 39 and Table 1).>>° The theoretical results imply
that GNRs are magnetic only at an extremely low hydrogen
concentration (see Table 1); however, they show metastability
as they are very reactive. On the other hand, non-magnetic GNRs
are considered as the most stable systems with a low reactivity at
a standard/high level of hydrogenation (see Table 1).>** Moreover,
the Clar’s rule can be applied to decide about the aromaticity of
the structure; for pure graphene with an ideal aromaticity, a value
of 1/3 is expected. It turns out (see Table 1) that some zigzag
edges and mono- and di-hydrogenated armchair edges show
1/3 aromaticity of graphene and, hence, are not magnetic and
non-metallic. If the edges have an aromaticity lower than
graphene, a competition between the bulk and edge is expected
to occur. As a result, some carbon atoms are forced to have less
or more than four saturated bonds, eventually leading to the
evolution of the edge states.**”

Chem. Soc. Rev., 2018, 47, 3899-3990 | 3923


https://doi.org/10.1039/c7cs00288b

Published on 26 March 2018. Downloaded by University of Warwick on 11/26/2021 2:07:52 AM.

View Article Online

Review Article Chem Soc Rev

(d) z(600),,,,

N=aO=N
Energy (eV)

—_— v = — - =
0 01 02 03 04050 01 02 03 04 05 0 01 02 03 04050 01 02 03 04050 01 02 03 0405
k (2mL) k (2mL) k (2m/L) k (2m/L) k (2m/L)

Energy (eV)

Fig. 39 (a) Schemes and electronic band structures of the five most stable hydrogen-passivated edges of GNRs. Hydrogen atoms are marked with filled
circles. The systems considered show a periodicity along the ribbon’s edge indicated by L. The grey area in the electronic structures corresponds to the
electronic bands allowed in bulk graphene and the dashed line marks Er. (b) Other stable armchair edge structures. (c) Other stable zigzag and
reconstructed zigzag edge structures. (d) Structures of other reconstructed armchair and zigzag edges. (e) Standard representation of the benzenoid
aromatic carbon ring used for computation of the aromaticity of various edge motifs considered. Reprinted with permission from ref. 259. Copyright
2008 American Physical Society.

Table 1 Formation energy (Ey,) and hydrogen density (py) for various edge structures. Znn,...n, represents GNRs with zigzag edges, where n; denotes
the number of hydrogen atoms on a given site and x is the number of adjacent edge sites within the periodicity, L (see Fig. 39), Am,m,m,m, represents GNRs
with armchair edges for the supercells with one (mim;) and two (miym,msmy4) hexagon columns, where m; denotes the number of hydrogen atoms
attached to the i-th carbon site, and z(57);, z(600);;., and a(56); represent GNRs with reconstructed zigzag and armchair edges, where the subscripts i, j, k,
and [ indicate the number of hydrogen atoms on a given site. Adopted with permission from ref. 259. Copyright 2008 American Physical Society

Edge type ou (A By, (eVA™) Edge features

2(57)oo0 0.000 0.9650 Non-magnetic and metallic edge, non-aromatic
Zg 0.000 1.1452 Magnetic and metallic edge, non-aromatic

Z100 0.136 0.7854 Magnetic and metallic edge, non-aromatic

Z500 0.271 0.7260 Magnetic and metallic edge, non-aromatic

Z110 0.271 0.4306 Magnetic and metallic edge, non-aromatic
z(57)11 0.407 0.3337 Non-magnetic and metallic edge, non-aromatic
Zy 0.407 0.0809 Magnetic and metallic edge, non-aromatic
Zo11111 0.474 0.0463 Magnetic and metallic edge, non-aromatic
Zr1111 0.488 0.0397 Magnetic and metallic edge, non-aromatic
Zr111 0.508 0.0257 Magnetic and metallic edge, non-aromatic

Zo11 0.542 0.0119 Non-magnetic and non-metallic edge, aromatic
2(600)111 0.542 0.0459 Non-magnetic and non-metallic edge, aromatic
Zy1 0.610 0.0382 Non-magnetic and metallic edge, non-aromatic
Zoo1 0.678 0.1007 Magnetic and metallic edge, non-aromatic

Zy 0.813 0.2224 Magnetic and metallic edge, non-aromatic
2(57)52 0.813 0.2171 Non-magnetic and metallic edge, non-aromatic
a(56)o 0.000 1.4723 Magnetic and metallic edge, non-aromatic

Ao 0.000 1.0078 Non-magnetic and non-metallic edge, aromatic
a(56), 0.235 0.7030 Non-magnetic and metallic edge, non-aromatic
1100 0.235 0.4946 Non-magnetic and non-metallic edge, aromatic
a0 0.235 0.6273 Magnetic and metallic edge, non-aromatic

i 0.469 0.0321 Non-magnetic and non-metallic edge, aromatic
a(56), 0.469 0.4114 Non-magnetic and non-metallic edge, aromatic
a 0.704 0.2092 Magnetic and metallic edge, non-aromatic
Ar211 0.704 —0.0163 Non-magnetic and non-metallic edge, aromatic
ay 0.939 —0.0710 Non-magnetic and non-metallic edge, aromatic

The presence of edges offers a potentiality to modify their
chemical and electronic features with defects, doping with
foreign atoms, hydrogenation, oxidation, functionalization with
various functional groups and with adsorption of some gas
molecules or when exposed to external stimuli such as strain
and external electric and magnetic fields. In general, the type of
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edge modification determines whether the GNR is a conductor
or a semiconductor; a conducting behavior is associated with the
decorating atom and its covalent bond while a semiconducting
feature is closely related to the edge-induced magnetic moments.

If GNRs are doped with nitrogen and boron creating holes
and carriers, respectively, in their structure, the triplet state is
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expected to be more stable compared to the singlet state, thus
favoring an FM ground state.>®® For armchair GNRs, both the
band gap and ionization potential gradually decrease as their
widths increase. In zigzag GNRs, the dependence of band gap
and ionization potential on their widths shows a distinct trend
whether unpaired electrons are present or not.>*®° Lately, from
theoretical calculations seeking the most energetically favor-
able atomic configurations in doped GNRs, it was suggested
that nitrogen atoms preferentially substitute carbon atoms
at both armchair and zigzag edges. In the case of boron (as a
p-type dopant), the preference for site substitution is different
for armchair and zigzag GNRs. While carbon atoms are sub-
stituted by boron at zigzag edges, in armchair GNRs, boron
replaces carbon atoms at positions (i.e., three-coordinated sites)
next to the edge. In zigzag GNRs, boron induces a spin-dependent
donor-like state if it is located at the edge while acceptor states
are formed as boron atoms move to the center of the nanoribbon.
For nitrogen n-type doping, the opposite effect is expected, i.e.,
acceptor-like states with nitrogen at the edge and donor-like
states with nitrogen located in the GNR inner regions.*®'2%
More specifically, if pyridine- and pyrrole-like N-doping defects
are introduced into zigzag GNRs, they turn them into half-metals
or spin-gapless semiconductors;>** they tend to be localized near
the edge of GNRs. A similar effect is expected for nitrogen atoms
attached to only one zigzag edge.>®* As a result, the two edge
states separate near Ey; the system adopts the FM ground state
due to reduction of the magnetic moments at the doped side.
Appropriate charge doping is thus expected to give rise to half-
metallic and single-edge conducting zigzag GNRs.*** In the case
of co-doping zigzag GNRs simultaneously with nitrogen and
boron, it was theoretically predicted that for an AFM ground
state, the BN defect states destroy the doped-side spin-polarized
edge currents promoting their flowing at the undoped side near
the conduction band-edge region with almost a perfect one-spin-
channel transmission.?®> On the other hand, fully spin-polarized
currents flowing along the undoped side of zigzag GNR were
identified to evolve near Ep. Such BN-induced spin-polarized
states are robust with regard to the width of GNRs, doping
concentration, and geometries of heterojuctions.>*> Half-metallic
behavior can also be observed for hybrid C/BN zigzag GNRs
(i.e., with a BN row introduced into the nanoribbon’s structure)
for a specific nanoribbon’s width and ratio between C and BN;
the unexpected half-metallicity was proposed to originate from
the competition between the charge and spin polarizations and
n orbital hybridization between C with B and N, breaking the
electronic symmetry of the two edge states.*®®

Despite showing a non-magnetic response, magnetic states can
be induced in armchair GNRs if periodically repeating defects such
as vacancies or divacancies are introduced into their lattice. They
are found to promote metallic character and net magnetization
due to the spin polarization of the local defect states. Besides the
geometry of the defect, the band gap is significantly affected by the
repeating periodicity of the defect and its position within the GNR
structure relative to the edge.”®” Moreover, a magnetic state
induced by vacancies in armchair GNRs can be tuned by applying
a strain as evidenced for a two-vacancy system when singlet-triplet
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splitting was found to strongly depend on the product of strain
and inter-vacancy distance.**® Alternatively, a magnetic ground
state may develop if armchair GNRs are doped with extra electrons.
The spin polarization then stems from the localized edge state
appearing around the Brillouin zone boundary. Moreover, if some
electrons are injected, indirect-gap armchair GNRs show half-
metallic properties while heavily doped direct-gap armchair GNRs
become antiferromagnets.’*® More specifically, a dominant AFM
behavior appears around half-filling with electrons while an FM
ground state is favored with electron filling lower than 0.8 and
can be manipulated by the gate voltage. Thus, FM interactions
are believed to be strengthened substantially by the next-nearest-
neighbor hopping energy.””°

As shown theoretically, the magnetism in armchair GNRs
can be induced and tuned if a line defect composed of
two pentagons and one octagon (i.e., 558-type line defect), is
introduced as a grain boundary in the nanoribbon’s lattice.””"
If the end configuration of the 558 grain boundary is varied, the
structures were found to fall into three groups. For some
particular configurations, a transition from the non-magnetic
to FM state occurs in defective armchair GNRs. In FM systems,
the evolved magnetic features stem from the zigzag chains of
the 558 grain boundary which are closely correlated with the
spin splitting of the energy bands.””*

If passivated with oxygen, planar armchair GNRs may adopt
a degenerate magnetic ground state due to emptying the
O lone-pair electrons.>”” The degenerate magnetic ground state
established over planar armchair GNRs involves metallic FM
ordering and AFM ordering with three families distinguished
upon the band gap, i.e., one metallic and two semiconducting
classes. Due to steric interactions between oxygen atoms and
more beneficent hybridization of atomic orbitals, non-planar
geometries are energetically favored over planar appearance of
oxygen-functionalized GNRs, becoming eventually non-magnetic
and classified into three semiconducting families depending on
the behavior of the band gap.>”> On the other hand, for GNRs with
armchair edges saturated with H,, the theoretical calculations
lead to shifted labeling of the three nanoribbon’s classes with
N=3p,3p—1and3p+1(p=1,2,3,..)>" The shift in classes,
and, hence, in width values, was explained by modification of sp>-
hybridization to sp*like hybridization by interaction of  orbitals
of graphene on the outermost edge and hydrogen orbitals.>”

Besides boron and nitrogen, armchair GNRs were doped or
edge-modified by other elements such as Mg, Mn, Fe, and
Au.*”*"*"7 In particular, Fe atoms are preferentially doped at the
center of GNRs and their magnetic moments vary from 1.95 to
2.93 up depending on the doping site. Fe atoms are supposed to
break the degeneracy of the opposite spin states. Spin polariza-
tion can reach 60% and can be tuned upon varying the position
of Fe atoms in the nanoribbon’s lattice. Due to a number of
conduction channels that cross Eg, the system shows a high
metallicity, which does not depend on the nanoribbon’s width
or position of the Fe atom.>”” In contrast, Au atoms were
identified to preferentially substitute carbon atoms near the
edge of armchair GNRs. The Au-doped armchair GNRs behave
as semiconductors with an FM configuration showing a lower
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energy compared to an AFM case. The spin-up and spin-down
states are completely degenerate as no spin dependence in the band
structure is observed. Moreover, the edge substitution modifies the
band gap, encouraging the occurrence of the semiconductor-metal
transitions in Au-substituted armchair GNRs.””®

Recently, it was shown that if armchair GNRs are exposed
to a strain along the armchair direction, edge states can
evolve even for a very small intrinsic spin-orbit coupling.’®
Moreover, the edge-state conductivity was found to be
quantized. A deeper theoretical analysis identified the helical
nature of edge states, confirming the presence of the spin Hall
effect. A transition from the quantum spin Hall state to a trivial
insulator regime was then observed upon reaching a critical value
of strain. Compared to zigzag GNRs, the emerged spin texture in
armchair GNRs was found to be invariant to the Fermi energy
with spin directions of the edge states opposite to each other on
the same boundary.””®

As a weak spin-orbit interaction exists in carbon resulting in
small magnetic anisotropy energy, it is heavily questioned,
whether magnetic ordering in GNRs can sustain thermal fluc-
tuations and magnetic impetus. It was theoretically proposed
that if suitably ligated GNRs are further functionalized with 3d
transition metals, the system becomes equipped with large
magnetic moments and large magnetic anisotropy energy.>”°
The suggested concept was verified for GNRs edge-functionalized
with -F and -CN groups and then decorated with Co and Mn
atoms. If GNRs are terminated with —-CN groups and Co atoms,
high magnetic anisotropy energy is expected; the direction of
their magnetization can be then changed by applying an
external electric field. For -CN-terminated GNRs with Mn
atoms attached, a half-metallic behavior with giant magnetic
moments was observed, which seems to be more stable than
that reported for half-metallic zigzag GNRs.*”®

In the case of zigzag GNRs, it has been shown that the
nature of coupling between opposite edges can be altered by
their width.>” Upon increasing the nanoribbon’s width, a
transition from the AFM state to the FM regime is witnessed;
in the AFM state, zigzag GNRs behave as direct-band gap
semiconductors while metallic features are observed for FM
zigzag GNRs.”” In addition, opposite edges of zigzag GNRs can
interact in an FM manner if (i) extra carriers (ie., electron/
holes) are injected into the lattice of GNRs by doping (e.g., N
or B),*®° (ii) GNRs interact with an internal magnetic field on a
suitable substrate during graphene deposition,*®" and (iii) one
edge is saturated by two hydrogen atoms and the other edge by
only one hydrogen atom.?®> More specifically, upon increasing
the level of doping with electrons/holes, the angle (0) between
the directions of spins at the opposite edges continuously
decreases from 180° (AFM state) to 0° (FM state). The canted,
non-collinear spin structures appear for 0° < 6 < 180° (see
Fig. 40).>*® Furthermore, if boron atoms are attached to both
edges, the FM ground state is promoted showing a half-metallic
behavior irrespective of the width of zigzag GNRs. However, if
nitrogen atoms are introduced at both zigzag edges, the system
preserves an AFM ground state with the metallic behavior.”®*
Recent theoretical works confirmed that half-metallicity can
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be imprinted in zigzag GNRs once functionalized on either
edge with species of donor and acceptor nature. As a result, an
effective potential gradient emerges. Other strategy involves
hybrid modification at one edge manifested by evolution of
spin-polarized impurity state at Er. For example, if zigzag edges
are decorated with CH3;-NO, pair, the spin-down channel is
metallic while semiconducting behavior is expected for the
spin-up channel; the spin density is distributed largely over
the carbon atoms at the edges.”® Half-metallic state can be
alternatively induced by introducing a BN defect in the struc-
ture of zigzag GNRs.”®® As the zigzag C-C chains located in the
middle part of the ribbon are gradually replaced with BN
segments, the system eventually transforms to the zigzag BN
nanoribbons with electronic features dependent on the level of
substitution. If the doping concentration exceeds a threshold
value, when carbon atoms, resembling the arrangement of
terminated polyacene C chains, are located only at the edges
and all the interior carbon atoms are replaced with BN chains,
the hybrid system becomes a half-metallic antiferromagnet for
all the widths. The evolution of half-metallicity was explained in
terms of charge transfer from the adjacent carbon atoms to
boron atoms promoted by the Lewis acid nature of boron,
leading eventually to the generation of the interface potential
gradient similar to the case of applying an external electric
field.”®® On the other hand, if holes are pumped in zigzag
GNRs, they become conductive, accompanied by the reduction
of their spin gaps. Above the threshold value of hole doping, the
spin gap is closed and the system shows a magnetic ground
state with a net magnetic moment over the structure.*®” If
the structure of zigzag GNRs shows periodically repeating
protruded edge step segments (with a length of less than
9.776 A), the system undergoes a transition from the non-
magnetic semiconducting state through the metallic regime
and eventually to a magnetic semiconducting state as the
step-to-step distance gradually increases.**®

Recently, it was shown that square-shaped carbon tetragons,
connecting asymmetrically the two segments of zigzag GNRs,
can serve as spin switches changing the orientation of magnetic
moments at the two edges (see Fig. 41);**° the switching process
was predicted to occur for a large variety of acene dimer
configurations, representing the narrowest zigzag GNRs. More-
over, such spin switches can lift the spin degeneracy, eventually
providing to tune the magnetic ground state of the system by
charge doping, stabilizing a half-metallic and FM behavior.”®’

Vacancies and divacancies are considered as point defects
modifying the ground magnetic state of zigzag GNRs. It is
believed that if a vacancy is introduced into zigzag GNRs, it
reconstructs and then interacts with the edge states. The
structural local reconstruction of the lattice and, hence, emerging
spin polarization of the orbitals at the close proximity of the
defect are responsible for evolution of net magnetic moments.
As a result, the AFM ground state is altered with establishment
of the FIM state.>®” The effect of the vacancy defect on the
electronic and magnetic properties of zigzag GNRs can be fine-
tuned by its symmetry, size, and position within the lattice with
respect to the edges.”*°
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Fig. 40 (a) Schematic representation of a GNR with yellow and light blue balls corresponding to C and H atoms, respectively. The blue rectangle stands
for the unit cell and N is the ribbon's width. The black arrows represent the orientation of the magnetic moments at the left (S.) and right (Sg) edge
and 0 denotes the relative angle between S_ and Sg. (b) Spatial distribution of the spin density in the canted magnetic state for 0 = 90° and doping
concentration x = 0.16 e nm™. The black arrows denote the calculated directions of the magnetic moments of the respective carbon atoms. Reprinted

with permission from ref. 283. Copyright 2009 American Chemical Society.
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Fig. 41 Scheme of the spin configuration for different zigzag GNRs
connected with a carbon tetragon as a spin switch. Reprinted with
permission from ref. 289. Copyright 2016 American Physical Society.

A transition from the AFM to the FM ground state was
observed if the line defects of 558-type (i.e., two pentagons and
one octagon) were introduced into zigzag GNRs (see Fig. 42) and
exposed to strain or doped with nitrogen and boron.?*! In the
case when no strain is applied or zigzag GNRs with the array of
558-type defects are not doped, opposite sides are coupled
antiferromagnetically (see Fig. 42) as there is no moment at
the C; and Cy; positions and the spins linked with them are in an
antiparallel arrangement. FM coupling appears in the case of
application of uniaxial tension or doping of nitrogen, boron,
aluminum, or phosphorous (with a number of valence electrons
different from carbon by one); the C; and Cy; positions become
magnetically active and mediate FM interactions across

This journal is © The Royal Society of Chemistry 2018

the GNR.”! Lately, it was proposed that without strain, 558-
type line defects form near the zigzag edges.>** If the defects
move from the interior of the GNR to its edge, the system
gradually undergoes a transition from the AFM conducting
through AFM half-metallic to FM metallic state. Upon an
increase in strain, the band gaps of AFM semiconducting GNRs
are reduced gradually becoming AFM half-metals. A further
increase in strain forces GNRs to adopt FM metallic behavior.
The threshold values of strain for these transitions decrease upon
movement of the 558-type line defect to the edge. Moreover, the
occurrence of magnetic transitions is found to heavily depend
on the nanoribbon’s width.?*> More importantly, if the 558-type
line defect sits at one edge, the defective zigzag GNRs are
supposed to show a long-range magnetic ordering at edges
with a high Curie temperature of up to 276 K.>** Doping with
nitrogen and boron at the particular sites of the 558-type defect
can tune the magnetic response of defective zigzag GNRs.”* If
A and B sites are doped (see Fig. 43),°* AFM spin alignment is
preferred while non-magnetic states emerge for other doped
sites. The exception involves doping the D site with boron
favoring the FM state across the GNR. More importantly, if
carbon atoms are replaced by nitrogen and boron at the A site,
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Fig. 42 (a) Scheme of the structure of a zigzag GNR with the 558-defect in its lattice with the C, and C;, positions indicated. (b) Spin-density plot of the
zigzag GNR with the 558-defect. (c) Spin-density plot of the zigzag GNR with the 558-defect when exposed to a uniaxial tension. (d) Spin-density plot of the
zigzag GNR with the 558-defect doped with nitrogen at the C;; position. Reprinted with permission from ref. 291. Copyright 2012 American Physical Society.

half-metallicity appears. For boron doping the B and D sites
of defective GNRs, the system becomes a spin-gapless semi-
conductor upon applying a transverse electric field. The eminent
spin filtering capacity of suitably doped defective zigzag GNRs
was then explained in terms of breaking the symmetry of the
transmission channel.”**

A pair made of a pentagon and a heptagon ring, periodically
repeating along the nanoribbon’s length, was recently considered
as another line defect in zigzag GNRs.>*> The 5-7 line defect
separates the GNR into two non-defective regions (i.e., upper
and lower parts) terminated with the zigzag edges. If the 5-7
line defect is positioned close to one edge of the GNR, the
system behaves as a ferromagnet with a metallic character
and non-degenerate spin state. The electronic features can be
changed by varying the nanoribbon’s width or the position
of the 5-7 line defect within the lattice of the zigzag GNR.
Once the symmetry about the 5-7 line defect is removed, the
degeneracy in the spin-up and spin-down states vanishes.
A transition from an AFM semi-metal to an AFM semi-metal
semiconducting state occurs upon changing the position of the
5-7 line defect within the nanoribbon’s structure towards
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its edge. The degeneracy of spin-up and spin-down states of
zigzag GNRs with the 5-7 line defect can be lifted by doping
with boron and nitrogen atoms, tuning thus the magnetic
polarization.>*®

Interesting electric and magnetic features useful for applica-
tions were predicted for zigzag GNRs with SW defects.>*® Due to
the asymmetry of the SW defects, they are believed to induce
finite magnetic moments in the lattice of defective zigzag
GNRs. If the defect moved from the position near the edge of
the GNR to its interior, the net magnetic moment of defective
zigzag GNRs was found to decrease to zero; reduction in the net
magnetic moment was accompanied by a transition from the
metallic to semi-half-metallic and even to semiconducting
state. If an extra defect was placed close to the opposite side
of the defective zigzag GNR symmetrically with the firstly
introduced defect, the net magnetic moment vanished and the
electronic features were found to depend on the distance between
the defect and the closer side of the GNR.>° If the zigzag edges
are reconstructed with the SW defects, a new type of edge state is
theoretically expected to appear; they show a dispersive character
with non-zero amplitudes in both graphene sublattices.*”
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Fig. 43 Structure of defective zigzag GNR with various doping sites
denoted as A-D and 1-6. The grey and white balls represent the carbon
and hydrogen atoms, respectively. Reprinted with permission from
ref. 294. Copyright 2014 The Royal Society of Chemistry.

Moreover, two components were identified in the wave func-
tions amplitudes; they have different decay lengths with the
distance from the edge. The decay length for one amplitude
component is finite even at the Dirac point while for the other
amplitude component, it diverges.>®” In the case of the SW line
defect, it was theoretically shown that it sits most favorably
near the edge; such defective zigzag GNRs behave as AFM semi-
conductors with an indirect band gap.>® If they are exposed to
an axis tensile strain, the band gap of AFM semiconducting
systems progressively enlarges. Transitions from semiconducting,
half-metallic, and metallic states accompanied by an AFM-to-FM
passage are expected to occur with shifting of the SW line defect
from the center of the nanoribbon to its edge by increasing the
tensile strain.**®

If zigzag GNRs are curved by an angle 0 (see Fig. 44),
alteration in the ground magnetic state was suggested to happen.
For curvatures of 89° < 0 <180° the AFM ground state
persists.”*® However, if 0 < 88°, the system is expected to
undergo a magnetic transition from the AFM to a non-
magnetic state upon increasing the curvature. Upon further
bending, the AFM state is finally restored (see Fig. 44). Such a
behavior was explained in terms of the overlap of the wave
functions localized on the carbon atoms at the curving sites
and inter-layered coupling evoked by a large bending of the
structure.”®® However, if a divacancy is introduced into the lattice
of zigzag GNRs, a distinct transition sequence occurs upon
increasing the curvature. In particular, the system is predicted
to show AFM, FM, and non-magnetic states if 164° < 0 < 180°,
142° < 0 < 163°% and 65° < 0 < 141° respectively.**® In
contrast, no change in the magnetic ground state was observed
upon twisting zigzag GNRs despite a decrease in the atomic
bonding energies and, hence, variation of gaps between the
lowest unoccupied and the highest occupied molecular orbi-
tals; AFM coupling between the opposite edges still persists
with an appearance of spin flip at some sites at zigzag edges.>**

Adsorption of hydrogen atoms on the surface of zigzag
GNRs was identified to equip them with additional magnetic
features.>*> As hydrogen atom is adsorbed, the spin density
evolves on the surrounding orbitals; its symmetry and extent of
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Fig. 44 (a) Top and (b) side views of a bent zigzag GNR. C4, C;, C3, and C4
denote edge carbon atoms close to the curving site and 0 represents the
bending angle. (c) Top and (d) side views of the zigzag GNR relaxed after
bending by 6 = 89°. The top (left) and side (right) views of the spatial
spin distribution for the zigzag GNR relaxed after bending by an angle
of (e) 89°, (f) 88°, and (g) 52°. Reprinted with permission from ref. 299.
Copyright 2012 American Institute of Physics.

localization were predicted to depend on the distance between
the site with the adsorbed hydrogen atom and the edge. The
interaction among such induced magnetic moments can be of
either FM or AFM nature, dictated by the number of adsorbed
hydrogen atoms at each graphene sublattice. Moreover, the
magnitude of these interactions was found to strongly vary if
the position of the adsorbed hydrogen atoms, relative to the
edge, was changed.?*?

Hydrogenation, i.e., edge modification with hydrogen atoms,
was suggested as another approach to alter the ground magnetic
state of zigzag GNRs.** If one zigzag edge is saturated with one
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hydrogen atom and the opposite edge with two hydrogen atoms,
zigzag GNRs become FM semiconductors. In such cases, the
difference between the energy of the AFM and FM states varies
inversely with the nanoribbon’s width.*®® With introduction of a
line defect (of 558-type) into the asymmetrically hydrogen-
edge terminated zigzag GNRs, they can become spin-polarized
metals, metals with a Dirac point, or half-metals depending on
the position of the line defect in the nanoribbon’s lattice. In
particular, half-metallicity is observed when the line defect is
positioned far away from the edge. If the line defect then moves
to the edge, a behavior resembling that of spin-polarized metals
or metals with a Dirac point is observed, regardless of the
nanoribbon’s width.*** Alternatively, if doped with p-type or
n-type entities, a perfect spin filtering effect may further
emerge.”” Interestingly, with the zigzag edges passivated with
H,, a magnetic-to-non-magnetic transition is observed for a
critical value of the nanoribbon’s width, which changes with
the number of nanoribbon’s layers.*”?

Similarly to the case of hydrogenation, equipping the zigzag
edges with hydroxyl groups may facilitate transition from AFM
to FM coupling between the opposite nanoribbon’s sides.>*° If
the edges are passivated asymmetrically with hydroxyl groups,
different potentials emerge at the two edges, eventually resulting
in spin splitting in the bands. If the concentration of -OH groups
is higher than 70%, the energy difference between the ground
AFM and excited FM states becomes small, providing tuning
between AFM semiconducting and FM half-metallic phases
upon applying a small external magnetic field. The small energy
difference between FM and AFM states for -OH concentrations
higher than 70% allows for tuning between AFM semiconduct-
ing and FM half-metallic regimes by applying a small magnetic
field.>°° Similarly, for asymmetrical adsorption of CO, molecules
at the two zigzag edges, the FIM state is developed with a lower
stabilization energy compared to that of the AFM state and
new edge states appearing in the gap of CO,-edge passivated
zigzag GNRs.>%”

The zigzag edges of GNRs can be oxidized by terminating
them with various oxygen-containing groups such as hydroxyl,
lactone, ketone, and ether.?°® It was theoretically predicted that
the oxidized GNRs are more stable compared to hydrogen-
terminated GNRs except for ether groups. The stable oxidized
GNRs show a spin-polarized ground state with an AFM ordering
of opposite edges, similar to fully hydrogenated analogues (see
Fig. 45).%°® More strikingly, apart from the edge modification by
ketone groups, edge oxidation causes lowering of the critical
electric field needed for entering the half-metallicity state. If the
external magnetic field is further increased, a drastic decrease
in the magnetization is witnessed, eventually vanishing at a
certain intensity of the electric field when all the oxidized GNRs
become non-magnetic.**®

Interestingly, the electronic features and nature of the
magnetic ground state can be observed in systems composed
of joint structures with decorated polydiacetylene (PDA) deriva-
tives deposited on zigzag GNRs with perfect, 57-reconstructed,
and partially hydrogen-terminated edge patterns.**® Zigzag
GNRs with hydrogen-terminated edges adopt a half-metallic or

3930 | Chem. Soc. Rev., 2018, 47, 3899-3990

View Article Online

Chem Soc Rev

H H., _H P

@
«c s ® . oo b MM
\ N/
Pa% %2a% %4% "% o'

%" a%e" %" %" W'
*2%0 "0%e "e%e "e"%e "4
0 0" 0%e" %" %" T
00 "e"e T"e"e Te"e 47
.... .... .... ‘..0 .-.'
*o%e "% "a%e "e%e "47s
%" a%" a%" a%e" W
. . :

e

Periodic Direction

Fig. 45 Ground-state spin densities of the zigzag GNR oxidized
by hydroxyl, lactone, ketone, and ether groups including the fully hydro-
genated system for comparison. The red color denotes the spin density
at the A-sublattice and the blue color stands for the spin density at the
B-sublattice of the zigzag GNR. Reprinted with permission from ref. 308.
Copyright 2007 American Chemical Society.

metallic behavior once decorated with PDA derivatives with
several pairs of acceptor/donor groups (i.e., NO,/NH,, F/H,
Cl/H, or CN/CH3;) attached. Such systems may undergo transi-
tions between spin-gapless semiconducting, half-metallic, and
metallic regimes accompanied by an AFM-to-FM passage upon
changing the nanoribbon’s width or increasing the number of
-C=C- bonds present in the linking bridge of the NO,/NH,
groups bound to the PDA derivatives (see Fig. 46).%° Similar
transitions (i.e., between AFM spin-gapless semiconducting, FM
half-metallic, AFM metallic, and non-magnetic metallic states),
triggered by the width and number of -C=C- bonds, were
reported for joint systems of the PDA derivatives decorating
zigzag GNRs with 57-reconstructed edge patterns. Partial hydro-
genation was found to eliminate the effect of edge reconstruc-
tion and electronic and magnetic features of the relevant joint
structures with zigzag GNRs with perfect edges. The diverse
spectra of electronic and magnetic properties of these joint
structures are believed to evolve due to a floating dipole-
dipole field, induced by the donor/acceptor groups bridging
the ladder-structure PDA derivatives with a remarkably delocalized
n-conjugated backbone and transferred by n-r interactions.**

It is worth mentioning that the type of the intra-edge
interaction can be modified if the nanoribbon’s zigzag edges
are decorated with fluoranthene groups.*'® If a single fluor-
anthene group (FAG) was attached to a zigzag edge, the two
FAG-separated segments were predicted to be correlated in an

This journal is © The Royal Society of Chemistry 2018
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Fig. 46 Influence of the width of zigzag GNRs and the number of
—C=C- bonds in the linking bridge on the electronic and magnetic
behavior of the n-NO,—-(m)PDA-NH; joint systems where n = 4, 8, 10, 12,
and 14 and m = 1, 2, and 3. Reprinted with permission from ref. 309.
Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA.

Fig. 47 Calculated profile of magnetization for GNRs with zigzag edges
functionalized with several FAGs for (a) ground-state configuration and (b)
excited state. Red and blue colors denote the sign of the magnetic moment
and the size of the colored ball represents its magnitude. Reprinted with
permission from ref. 310. Copyright 2016 American Physical Society.

AFM fashion (see Fig. 47) contrary to the edge-unmodified
GNRs in which spins are always ferromagnetically coupled
along the zigzag edge. As the introduction of a pentagonal
defect breaks down the bipartite nature of the graphene lattice,
the relation between the sign of the interaction between the
edge spins and the sublattice degree of freedom is no longer
valid. In addition, the presence of FAGs can revert AFM inter-
edge interactions for sufficiently narrow GNRs. In other words,
pentagon defects attached to the zigzag edges of GNRs can be
viewed as an agent providing engineering of the spin exchange
interactions.’'® Moreover, if only one edge is perturbed with
topological defects such as discontinuous patches of pentagons
and heptagons, emerging competing magnetic orderings result
in spin frustration accompanied by a maximum suppression of
magnetic order in the vicinity of these defects at the edge.*'
Thus, the FIM ground state is stabilized due to nonequivalence
of the edges. Moreover, depending on the type of localization
and spin polarization of the defect-induced edge states,
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non-uniform energy shifts are predicted to be observed pro-
moted by exchange interactions due to the occupied states of
the zigzag GNR localized close to the defect sites. Thus, spatial
separation occurs between the states that are localized on the
unmodified edge and those sitting at the defect-altered edge.*"*
As a result, a complex pattern of occupied and unoccupied
frontier bands evolves dictating the magnetic properties of the
system. More importantly, the topological defects at the edges
can open an energy window for transport of electrons with the
minority spin at the edge of the conduction band above a
narrow band gap, eventually leading to a half-metallicity feature
without the need for involving any non-carbon element.*'*

As radicals and various coupling agents possess unpaired
electron(s) and, hence, inherent magnetic moments, function-
alizing the zigzag edges with them was suggested as a promising
idea to modify the magnetic features of GNRs. The relevance
of the proposed concept was theoretically tested for zigzag
GNRs with edges terminated with trimethylenemethane
(TMM) and 6-oxoverdazyl (OVER) radicals in syn-syn, anti-anti,
and syn-anti configurations (see Fig. 48);*'> TMM is an example
of a syn radical while OVER is classified as an anti radical
(see Fig. 49). For syn-syn and anti-anti configurations, the AFM
(low-spin) ground state is expected to evolve while for zigzag
GNRs terminated with the syn radical at one side and the anti
radical at the opposite side, the FM (high-spin) state is favored
with a strong magnetic coupling across the nanoribbon. Further-
more, the spin alternation rule and classification scheme for
radicals and couplers were thoroughly described providing
identification of such terminating configurations stabilizing
the FM ground state.*'

As edges of GNRs are highly reactive, they can be easily
chemically modified under experimental conditions and
sample handling. However, such a functionalization of edges
may cause suppression or disappearance of their magnetic
features. Among several organic compounds considered, C,H,
was identified as an ideal terminating group for zigzag GNRs
to preserve the edge magnetism.*'® Zigzag GNRs with C,H,-
terminated edges can be produced under mild experimental
conditions with electronic and magnetic properties reprodu-
cing those of zigzag GNRs with edges terminated by hydrogen.
The enhanced stability of the sp® coordinated edges in the C,H,-
terminated zigzag GNRs was explained in terms of multiple
hyper-conjugation interactions. In this context, it was stressed
that even a pure sp” termination does not need to be a sufficient
guarantee for the edge magnetism as, for example, in the case of
zigzag edges terminated with C,H,, the magnetism is destroyed
due to coupling of C,H, terminating groups with the n-electron
system of zigzag GNRs.*"® Besides C,H,, the pure sp® coordinated
edge states can be preserved and stabilized by iodine termination.***
The sp® coordination is usually suppressed due to the strong steric
effect of iodine atoms.

Similarly to their armchair counterparts, zigzag GNRs can be
doped with elements other than boron and nitrogen. The
examples include Ni, Ti, and Au atoms.*"*>" In particular, it
was proposed that Ni atoms are preferentially located along
the zigzag edges; however, their presence quenches the local
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Fig. 48 (a) Scheme showing distribution of spins on each edge of a zigzag GNR (N, = 8). (b) Scheme showing a ferromagnetically coupled zigzag GNR
terminated by a radical and classification of radical couplers into syn and anti groups. Reprinted with permission from ref. 312. Copyright 2015 American

Chemical Society.
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Fig. 49 Structure and spin-density plot of TMM and carbon-connected
OVER belonging to the syn and anti groups, respectively. The hollow and
filled circles represent spin-up and spin-down density, respectively. Reprinted
with permission from ref. 312. Copyright 2015 American Chemical Society.

magnetic moments of C atoms bound to Ni atoms by a factor of
nearly five. The quenching decays fast with distance and is
negligible at sites farther than 9 A from the position of the Ni
atom. If Ni atoms are present only at one zigzag edge, AFM
coupling between the opposite sides of zigzag GNRs is still
preserved. Nevertheless, the adsorbed Ni atoms give rise to
d-related states appearing above and below Ey, responsible
for spin-dependent transport.**> A similar effect is observed
for Ti atoms which suppress the edge magnetic moments if
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positioned near the zigzag edge. They are supposed to introduce
extra sub-bands showing spin polarization, which neutralizes
the magnetic moments of edge carbon atoms.*’® In the case of
Au atoms, an FM or AFM ground state was observed depending
on the positions of Au atoms in the lattice of zigzag GNRs. The
system was found to behave as a spin-gapless semiconductor
once Au atoms were placed in the center and edge sites of zigzag
GNRs. More importantly, for such a configuration, spin-gapless
semiconducting feature is still present irrespective of the nanor-
ibbon’s width. Moreover, besides site dependence, the spin-
gapless semiconducting behavior was identified to be fine-
tuned by impurity atom concentration.>'” Interestingly, the FM
ground state can be stabilized by doping zigzag GNRs with
planar tetrahedrally coordinated carbon; such defective zigzag
GNRs are not only magnetic but are also equipped with metallic
features.®®

Another strategy to alter the magnetic features of zigzag
GNRs is to place them on various substrates. Different hybri-
dization between the 2p orbitals of graphene and those of
substrates and eventual charge transfer between the surface
and zigzag GNR are theoretically predicted to suppress or
destroy the edge magnetism. Alternatively, it was suggested
that the net magnetization of zigzag GNRs deposited on a
substrate is reduced due to inversion of occupied/unoccupied
bands (i.e., reordering of edge bands).>'® In this context, it was
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found that the edge magnetic states are not affected only in the
case of zigzag GNRs with hydrogen-terminated edges deposited
on an Au(111) substrate.*** Another example involves deposit-
ing zigzag GNRs on a zigzag hybrid fluorographene-graphane
substrate. The spin-up and spin-down band gaps can then be
tuned in the opposite direction by varying the fluorographene-
to-graphane ratio in the hybrid substrate. If the interlayer
spacing is lowered, a transition from half-semiconducting to
half-metallic behavior occurs in zigzag GNRs.**" For electrically
polarized substrates like PTO, the AFM ground state is
preserved; the ferroelectric substrate polarization causes only
a decrease in the local magnetic moments of all the carbon
atoms due to substrate-induced charge transfer.**>

An electric field is often employed as an external stimulus to
alter the magnetic features of zigzag GNRs. For zigzag GNRs
with antiferromagnetically coupled opposite sides, it was pre-
dicted that in-plane homogeneous electric fields applied across
the zigzag edges induce half-metallic behavior.*** Its origin was
explained in terms of the effect of the external electric field on
energy levels of the edge states shifting them either up or down
depending on the orientation of spins at the particular edge.
Due to the antiparallel arrangement of spins at the opposite
zigzag edges, the external electric field is supposed to move
the occupied and unoccupied B-spin states closer together in
energy while further separating the occupied and unoccupied
o-spin states (see Fig. 48).>** As the magnitude of the external
magnetic field increases, the electrostatic potential is increased
on the right side while it is reduced on the left side of the
nanoribbon. As a result, right-sided localized edge states show
an upward shift in energy while energies for edge states localized
at the left side of the nanoribbon are shifted downwards, leaving
eventually states with only one spin direction at Eg (see
Fig. 50).°** In other words, the system becomes conductive for
one spin direction while remains insulating for another spin
orientation.*** Such a behavior occurs only if a critical electric field
is reached,; its value is found to decrease as the nanoribbon’s width
increases since the electrostatic potential difference between the
opposite sides is proportional to the size of the system. Moreover,
the critical electric field needed to establish a half-metallic or a
non-magnetic state can be reduced if edges are functionalized with
suitable functional groups in a configuration with an electron
donating group at one edge and an electron withdrawing group
at the opposite edge (e.g., O—H/C—N, N—O,/N—H,, and O—H/
N-0,).*** As a result, such functionalized zigzag GNRs are
equipped with a perfect spin filtering feature if placed in an
external electric field.

Moreover, it was suggested that if the electric field is
increased, AFM coupling between the opposite edges is reduced
as a result of decreased magnetic moments at the edges. This is
reflected in the profile of the spin wave dispersion, indicating
potentiality to manipulate the spin wave lifetime by the electric
field, without inducing magnetic instability in the system.*?”

Despite their similar electronic band structure and magnetic
properties, symmetric and asymmetric zigzag GNRs were found
to show different transport behavior under an applied bias
voltage; the symmetry/asymmetry of zigzag GNRs is inferred
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Fig. 50 (a) Diagram of electronic states for zigzag GNRs without applica-
tion of an external electric field. On the left (L) side, a- and B-spin states
represent the occupied and unoccupied localized edge states, respec-
tively, while on the right (R) side, a- and B-spin states represent the
unoccupied and occupied localized edge states, respectively. Note that
the energy gap is identical at both sides. The bottom plot shows the spatial
distribution of spin corresponding to the highest occupied valence band
states without application of an external electric field. (b) Diagram of
electronic states for GNRs with application of a transverse electric field.
With the electric field, the electrostatic potential on the left side of the
zigzag GNR is lowered (by eAV < 0) while it is increased on the right side
of the zigzag GNR (i.e., by eAV > 0). The bottom plot shows that only the
B-spin states lie at E¢. Reprinted with permission from ref. 323. Copyright
2006 Nature Publishing Group.

from the existence/absence of the mirror plane.**® While asym-

metric zigzag GNRs strictly follow the characteristics of con-
ventional conductors with one conductance quantum under
bias voltages, symmetric counterparts show unexpectedly small
currents and conductance gap around Eg. The difference in
transport properties of asymmetric and symmetric zigzag GNRs
was explained in terms of distinct coupling between m and
n* sub-bands due to the different nanoribbon’s symmetry.
Furthermore, the current can be increased for symmetric zigzag
GNRs once the symmetry of their electronic structure is broken,
e.g., by introducing the asymmetric edge terminations.**®

Strain is another external parameter providing control over
the magnetic response of zigzag GNRs. Recently, it was theore-
tically shown that if the strain is applied along the zigzag edge,
FM behavior can be stabilized and preserved at very high
temperatures (~400 K).**” Enhancement in edge magnetism
was explained in terms of reduction of critical Coulomb inter-
action with increasing strain.**’

In chiral GNRs, a potential evolution of magnetic behavior
was predicted to be dictated by the percentage of carbon atoms
at the zigzag edges.>*® If the percentage of carbon atoms with
zigzag arrangement equals 50%, chiral GNRs show an AFM
semiconducting ground state. In other cases, they behave as
spin degenerate semiconductors. The critical chiral angle that
guarantees the appearance of spin polarization was theoreti-
cally estimated to be 13.9°. The FM state was identified as
metastable, the occurrence of which strongly depends on the
width of chiral GNRs. Its metastability results from a weaker
character of inter-edge FM coupling compared to that of inter-
edge AFM interactions.**® Furthermore, other theoretical data
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confirmed that FM interactions among the zigzag segments
along nanoribbon’s edges become dominant beyond the arm-
chair limit.**° If the nanoribbon’s width increases, AFM inter-
edge interactions strongly weaken, leading to correlation
lengths comparable with a long-range FM edge response. This
is consistent with the appearance of a typical low-energy peak
along the nanoribbon’s edge, implying formation of enhanced
electronic correlations. More specifically, its position in the
energy spectrum linearly depends on the interaction strength and
chirality angle.** In addition, it seems that local magnetization in
sufficiently wide chiral GNRs is dominantly governed by chirality
with negligible dependence on the nanoribbon’s width.**°

Besides armchair, zigzag, and chiral types, structurally
complex GNRs with various heterojunctions were experimen-
tally observed or theoretically predicted. They are commonly
classified as hybrid GNRs and are composed of armchair and
zigzag segments via rotating the cutting direction. They show
irregular edge morphologies with a mixture of armchair and
zigzag heterojunctions; the most prominent examples include
wedge-like zigzag/zigzag (zigzag/armchair),>** chevron-like
armchair/armchair,**? L-shaped,®*®* Y-shaped,*** Z-shaped,**’
sawtooth-shaped,®*® and cross-shaped®’ junctions. These
heterojunctions are believed to affect the carrier scattering
and, hence, imprint the electronic and magnetic features onto
hybrid GNRs distinct to those of GNRs with ideal armchair or
zigzag edges. Their presence in real samples is expected to
be unavoidable due to current limitations of traditional pro-
duction methods including lithographic etching and chemical
synthesis.

In general, hybrid GNRs undergo a transition from the non-
magnetic to the magnetic semiconducting state by increasing
the length of zigzag segments (see Fig. 51).>*% It was theoreti-
cally confirmed that introducing the armchair segments as
“impurities” will not alter the electronic and magnetic features
shown by zigzag GNRs. Although the opposite zigzag edges are
coupled in an AFM manner, the magnetization on two edges is
not equal. The electronic and magnetic properties of hybrid
GNRs were found to be tuned not only by the length of the
zigzag segments but also by the nanoribbon’s width. More
importantly, if placed in an external transverse electric field,
a half-metallic behavior was expected to appear for magnetic
hybrid GNRs.***

For sawtooth zigzag-edged GNRs with edges passivated
with hydrogen, an FM ground state was proposed irrespective
of their size.**® They behave as magnetic semiconductors
whose spin splitting energy is modulated periodically with
the nanoribbon’s width. Moreover, such structures may show
a dual spin-filtering effect with a 100% spin polarization and
high-performance dual spin diode effect. More importantly, if
sawtooth zigzag-edged GNRs are placed inside the transverse
electric field (see Fig. 52), they become spin conductors with
spin carriers that are both spin-polarized in energy space and
spatially separated at the two opposite edges of GNRs.**° In other
words, electrons of one spin direction conduct the current at one
edge while the holes of the other spin orientation conduct the
current at the opposite edge with a different energy. In addition,
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Fig. 51 (a) Structure of hybrid GNRs with a different width (w) and length
of armchair ({;) and zigzag (l,) segments. Carbon and hydrogen atoms are
represented by green and light yellow balls, respectively. One unit super-
cell in the direction of the nanoribbon’s axis is marked with a rectangle.
(b) Variation of the band gap on the length of the zigzag segment (l,). The
black dots stand for the band gaps of non-magnetic hybrid GNRs while red
dots and blue triangles represent the band gaps of magnetic hybrid GNRs
with spin-up and spin-down configurations, respectively. Reprinted with
permission from ref. 338. Copyright 2012 American Chemical Society.

Bottom region

Fig. 52 Structure of a sawtooth zigzag-edged GNR with (ny, n,) denoting
its size and Ey; representing the electric field applied across the sawtooth
zigzag-edged GNR. Reprinted with permission from ref. 340. Copyright
2013 American Physical Society.

these states were found to be robust against the edge disorder.
Thus, the suggested concept offers another degree of freedom for
the manipulation and control of spins in spintronic devices.**°
Triwing zigzag GNRs consist of three ribbon wings which
can be joined together with either sp® or sp® junctions. The
structures with sp> hybridized junctions behave as FM metals
whose magnetic moments increase with the width of the wing
(see Fig. 53a and b).>*' On the other hand, the systems with
sp® hybridized junctions show features of FIM conductors with
a universal magnetic moment equal to 1 up (see Fig. 53¢ and d).
The electric field does not seem to change the metallic behavior
of triwing zigzag GNRs with sp® hybridized junctions while its
application in parallel and perpendicular directions tunes the
bands from the l-wing or m-/n-wings, respectively, for the counter-
parts with sp® hybridized junctions. Thus, half-metallicity may

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c7cs00288b

Published on 26 March 2018. Downloaded by University of Warwick on 11/26/2021 2:07:52 AM.

Chem Soc Rev

(a) (b)

Q
N 4
(c) (d)
°o". é'o )
%;.e o"o.o"o
% ‘.‘o"o‘ob
090 0 00 ©O
12 l
..’»f

£2.

Fig. 53 (a) Top and (b) side views of the geometric structure of a triwing
zigzag GNR consisting of three wings joined together via a linear carbon
array with sp? hybridization. (c) Top and (b) side views of the geometric
structure of the triwing zigzag GNR composed of three wings joined
together via their inner edge carbon atoms. Reprinted with permission
from ref. 341. Copyright 2012 The Royal Society of Chemistry.

appear for the sp>hybridized-junctioned structures.>*' Alternatively,
asymmetrical BN doping can induce the half-metallic behavior
and suppress the spin polarization of the doped wings.***

4.2. Graphene nanoflakes

Graphene nanoflakes (GNFs) are arbitrarily shaped graphene
fragments, which are finite in both dimensions; they are
sometimes classified as quasi zero-dimensional carbon nano-
structures of sp” character. They are alternatively termed as
graphene nanodisks, graphene nanoplatelets or graphene
nanoislands. They are from ~1 to ~50 nm in size and show
various regular or irregular shapes. The regularly shaped GNFs
resemble the appearance of regular convex polygons such
as triangles, squares, rectangles, parallelograms, pentagons,
and hexagons. The sides of GNFs consist of purely armchair
or zigzag edges or their combinations. Various types of GNFs
are schematically shown in Fig. 54.***> To synthesize them,
methods used for the preparation of GNRs are very frequently
adopted; most of the synthetic protocols rely on bottom-up
approaches starting from molecular carbon-based precursors.
However, cutting them to a specific shape is very problematic
and needs sophisticated optimization in future procedures.
Thus, the magnetic features of GNFs are largely predicted
by theoretical studies with very rare confirmations from experi-
mental observations. Theoretically, GNFs are frequently represented
by all-benzenoid polycyclic aromatic hydrocarbon molecules.
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Fig. 54 Various types of GNFs that can be constructed by stitching
up (with black lines) from smaller sub-flakes (darker shade): (a) A- and
B-sublattice of graphene; (b) GNF formed by stitching up the A-B balanced
hexagons; (c) GNF corresponding to zigzag GNR; (d) GNF corresponding
to armchair GNR; (e) zigzag-edged triangularly-shaped GNF; (f) armchair-
edged triangularly-shaped GNF; (g) zigzag-edged hexagonally-shaped GNF;
(h) armchair-edged hexagonally-shaped GNF. Reprinted with permission
from ref. 343. Copyright 2008 American Chemical Society.

In this context, a hexagonal fragment can be well described
with the model of a coronene molecule whereas a triangular
fragment closely resembles the shape of a hypothetical
triangulane molecule.

Graphene nanodisks are spatially confined structures with
closed edges; they are formed by connecting the benzene rings
the number of which defines their size and edge patterns.
Typical examples of graphene nanodisks are shown in Fig. 55.3**

Alike to GNRs, GNFs with zigzag edges show a magnetic
ground state as demonstrated by experiments employing the
ESR technique.”® The theory predicts that non-zero net spin
exists for triangular GNFs with all the three edges of zigzag
nature; the net spin is believed to emerge due to a topological
frustration of mn-bonds.>** From a computational viewpoint,
GNFs can be constructed by stitching up the sub-flakes as
shown in Fig. 54. The stitch is then defined as a single path
of bonds merging the two sub-flakes together; an even stitch
contains an even number of atoms and vice versa. This implies
that for an even stitch, the number of A- and B-sites is equal
while one extra A- or B-site is present in an odd stitch. Thus, the
odd stitch is supposed to create or annihilate one non-bonding
state while the number of non-bonding states is not changed
for the even stitch. Adopting the proposed counting rule then

o&m@z@%

Fig. 55 Various types of graphene nanodisks: (a) benzene; (b) trigonally-
shaped zigzag-edged nanodisk (phenalene), (c) tngonally shaped
armchair-edged nanodisk (triphenylene); (d) hexagonally-shaped zigzag-
edged nanodisk (coronene); (e) hexagonally-shaped armchair-edged
nanodisk (hexabenzocoronene). Reprinted with permission from ref. 344.
Copyright 2007 American Physical Society.
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Fig. 56 Two spin configurations of the structure known as the “Star of
David” with (a) S = 3 and (b) S = O for an antisymmetric broken-symmetry
ground state. Positive and negative spin densities are shown with blue and
red, respectively. Regions with dominating A- and B-sublattice are marked
with letters A and B. Reprinted with permission from ref. 345. Copyright
2008 American Chemical Society.

provides constructing GNFs with geometries showing non-zero
spin by stitching together hexagonal units with intrinsic zero
spin. Moreover, non-bonding states in GNFs and flat edge
states in GNRs differ in evolution; non-bonding states originate
from singularities of the hopping matrix while flat edge
states approach Er asymptotically due to size effects. As a result,
GNRs must have zero spin while GNFs can host a large spin.
Non-bonding states are expected to emerge due to topology
constraints; they have a half-filled character with a behavior
resembling that of the outer shell of an FM atom. In zigzag-
edged triangular GNFs, FIM ordering is established between
the spins occupying A- and B-sites due to asymmetry in spatial
distribution. A “Star of David” structure (see Fig. 56) is another
example to accommodate a large spin.**? It is a fractal that is
constructed by repeatedly overlapping two triangles in the
opposite direction with the overlap portion removed. The total
spin of the “Star of David” structure is found to increase
exponentially with the fractal level. The increase in the total
spin is related to an increase in the boundary length, which
enhances the probability of topological frustrations of n-bonds.>*?
However, later calculations for the “Star of David” structure
confirmed the existence of broken-symmetry configurations,
eventually leading to AFM correlations of locally spin-polarized
regions and zero net spin. Thus, other fractal structures - with a
spin-polarized triangular fragment as a building unit - were
proposed to host the large spin (see Fig. 57); they can be drafted
adopting the Sierpinski sieve construction.**’

Based on their magnetic behavior, GNFs are classified into
two main categories, ie., finite structures with a large net spin
and systems with AFM coupling between groups with an
electron spin (see Fig. 58).*® To classify them, a criterion of
topological frustration is followed. The topological frustration
emerges once all the p, orbitals cannot be simultaneously
paired in a given structure. GNFs with one sublattice showing
topological frustration are grouped into Class 1. For such
structures, f = min{N,, Ng}, where f is the maximum number
of non-adjacent edges and N, and Ny are the number of carbon
atoms on the A- and B-sublattice, respectively.>*® The number
of zero-energy eigenstates, termed as nullity (i.e., n = o — f3,
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Fig. 57 Suggested Sierpinski sieve fractal structures of GNFs: (a) elementary
triangularly-shaped building block; (b) fractal structure with a fractal level
of 2; (c) fractal structure with a fractal level of 4. The A- and B-sublattices
are denoted with filled and open circles, respectively; the A-sublattice
globally dominates. S and S represent the total spin of the fractal structures
(Sq = So37, where g is the fractal level). Reprinted with permission from
ref. 345. Copyright 2008 American Chemical Society.
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Fig. 58 (aand b) Structures of GNFs belonging to Class | with = [Ny — Ng|.
(c) Structure of the bowtie-shaped GNF falling into Class Il with a zero
sublattice imbalance but n = 2 (i.e., Na = Ng = 19 and « = 20). The colored
sites conform to a maximum set of non-adjacent sites. Reprinted with
permission from ref. 346. Copyright 2009 American Physical Society.

where « is the maximum number of non-adjacent vertices), is
given as = [Ny — Ng|. In other words, if the sublattices are
balanced, i.e., No = Ng, 1 is zero. All highly symmetric forms of
GNFs fall into Class I. Class II includes GNFs with both sublattices
topologically frustrated. For such structures, § < min{N,, Ng},
implying that 7 > |N, — Ng|.**® The nullity is finite even for
GNFs showing balanced sublattices. Further considering the
Lieb’s theorem, the total spin of the magnetic ground state of
GNFs in Class I and II is given as S = 5/2 and S < #/2,
respectively. In other words, all spins in singly occupied orbitals
are aligned in a parallel manner for structures belonging to Class
I while AFM ordering is expected for structures of Class I1.>*°
Here, it should be stressed that except for the topological
frustration, AFM coupling can arise from polarization of the
low-energy states which approach Er upon increasing the size of
the system. Such an effect cannot cause evolution of the net spin;
the energy of the non-interacting eigenstates is not Ep (with
an exception for infinite systems) and the magnetic ordering
develops only in the case where the interaction energy exceeds a
positive threshold value, i.e., when a critical size of a system is
reached as valid for GNRs or hexagonal GNFs.**

For triangularly-shaped GNFs with zigzag edges (see
Fig. 59a),°" the total spin is always non-zero for all sizes; such
systems are described as metallic ferromagnets. The states with
zero energy are localized on one sublattice (i.e., A-sublattice)
and the magnetic ground state has a finite spin given as
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Fig. 59 Structure of (a) triangularly-shaped and (b) hexagonally-shaped
GNFs. Reprinted with permission from ref. 91. Copyright 2007 American
Physical Society.

S = (N, — Ng)/2 for interactions included. In other words, zigzag
triangular GNFs have an excess of unpaired electrons on one
sublattice the number of which increases as the nanoflake’s
size increases. Thus, an FM ground state is expected as all the
three zigzag edges are coupled in an FM manner.**” Note that
all the carbon atoms are spin-polarized. On the other hand,
GNFs with a hexagonal shape and zigzag edges (see Fig. 59b)
show S = 0, implying a potential AFM ground state.”" For smaller
hexagonally-shaped GNFs, hybridization is strong, thus avoiding
evolution of magnetic ordering. However, if a critical size of
hexagonal GNF is exceeded, exchange interactions become
strong enough to magnetize the edges. Thus, local magnetic
moments emerge above the critical size which was predicted to
be equal to 1.5 nm. In other words, below a size of 1.5 nm,
hexagonal GNFs behave as paramagnets while they become
ferrimagnets if their size is larger than 1.5 nm.”*

GNFs with zigzag edges can be classified whether they show
lattice imbalance (i.e., Ny # Ng) or not (i.e., Ny = Ng).>*® In
particular, triangularly- and pentagonally-shaped GNFs belong
to the N, # Ng group, while rhombohedrally- and hexagonally-
shaped GNFs fall into the N, = Nj class (see Fig. 60).**® GNFs
with sublattice imbalance can be non-magnetic or exhibit a fully
compensated magnetic ordering satisfying S = 0. Such GNFs may
undergo a quantum transition upon a change in their size.
Actually, if the size of the sublattice-balanced GNFs exceeds a
threshold value, a transition to a magnetic state occurs; the new
structure shows attributes of FIM nature. The critical size, at
which the sublattice-balanced GNFs adopt a new magnetic
ordering, is dictated by the armchair defect concentration. In
order words, uncompensated spins suddenly develop beyond
the critical size of GNF.>*® In contrast, sublattice-imbalanced
GNFs are always magnetic regardless of their size. In particular,
for triangular GNFs, the inter-edge coupling is of FM nature.
In pentagonal GNFs, viewed as an integration of triangularly-
and hexagonally-shaped finite systems, the commensurate
magnetic structure is predicted when identical and different
sublattices are coupled in an FM and AFM manner, respectively.**®
Upon doping with charge carriers, a transition from the AFM
to FM regime is expected for sublattice-balanced GNFs while for
sublattice-imbalanced GNFs, the magnetic response is suppressed,
eventually vanishing for high charge carrier concentration.**®
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Fig. 60 Structure of (a) rhombohedrally-shaped, (b) hexagonally-shaped,
(c) triangularly-shaped, and (d) pentagonally-shaped GNFs. Carbon atoms
which belong to the two sublattices are marked with black and white.
The nanoflake's size is determined by the number of hexagonal rings
along the edge. Armchair defects are highlighted by red arrows and
their number is equal to 2, 6, 4, and O for rhombohedrally-shaped,
hexagonally-shaped, pentagonally-shaped, and triangularly-shaped GNFs,
respectively. Reprinted with permission from ref. 348. Copyright 2017
American Physical Society.

Besides changes in magnetic features of both sublattice-balanced
and sublattice-imbalanced GNFs, their electronic structure is
altered if charge carriers are introduced into their lattice. In
particular, initially semiconducting sublattice-balanced GNFs
become metallic while in sublattice-imbalanced GNFs, a transi-
tion from semiconducting to half-metallic behavior and from
semiconducting through half-metallic to metallic regime is
predicted to occur for triangular and pentagonal members,
respectively. More interestingly, a fully polarized spin transport
is expected in the half-metallic state.>*® Similarly, spin-polarized
currents were predicted for pure-hydrogenated rectangular GNFs
if the electrodes are connected to the nanoflake partially along
the zigzag-edge directions or if transition metal adatoms
(e.g., vanadium) are introduced over the nanoflake’s surface,
altering the symmetry in the spin-dependent scattering rates of
the transmitted electrons.**’

Other theoretical works have proposed that due to a different
spin polarization at the A- and B-sublattice, zigzag triangular
GNFs show a FIM structure as a ground magnetic state.*” If
foreign atoms (such as B, N, O, and F) are introduced into the
lattice of zigzag triangular GNFs, they preferentially occupy the
sublattice forming the edge. If GNFs are doped with boron and
nitrogen, the net magnetic moment is reduced irrespective of
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the doping site.>®® In the case of oxygen and fluorine, both
an increase and a decrease in the net magnetic moment
were observed depending on the doping position.**° The
enhancement/reduction in the magnetic response was
explained in terms of different behaviors of the dopants and
the interactions between the dopants and the neighboring
carbon atoms (especially those sitting on the edge-forming
sublattice). A perfect spin filtering effect was proposed for the
undoped and boron-doped zigzag triangular GNFs, for which
majority states are conducting.’* In contrast, minority states
are conducting for nitrogen-, oxygen-, and fluorine-doped sys-
tems, implying that the type of the spin conduction channel
can be selected by appropriate doping.**°

For hexagonal GNFs with zigzag edges, the theoretical
calculations identified an AFM structure as a ground magnetic
state (see Fig. 61a).>*" If doped with charge carriers (i.e., holes
and electrons), the FM state (see Fig. 61b) or mixed phase states
are expected to evolve due to the competition between carrier
doping (favoring FM coupling) and on-site Coulomb inter-
actions (favoring AFM coupling).®®' In other words, at half-
filling, a fully compensated AFM state is expected considering
the potential energy gain characteristic of the weak-coupling
mechanism. Upon injection of the charge carriers into the
hexagonal GNFs, a magnetic state with an uncompensated
net magnetic moment is stabilized as a result of effective FM
exchange coupling among the ordered spins which is mediated
by the introduced charge carriers localized in the proximity of
the edges.*> Alternatively, the encouragement of FM coupling
over the AFM ground state can be understood in terms of
contribution from indirect charge carrier mediated RKKY inter-
actions once an odd number of charge carriers is doped/
removed into/from the nanoflake. Such an alteration in the
magnetic coupling involving impurities and their neighbors is,
however, predicted to happen only for some geometries of
hexagonal GNFs.*>® The magnetic phase diagram then becomes
richer once the edges of zigzag hexagonal GNFs are function-
alized with hydrogen; AFM, FM, mixed, and non-magnetic
phases can appear depending on the level of doping and
strength of the on-site Coulomb interaction (see Fig. 62). More
importantly, if the temperature is increased, FM solution is
more favored for both pure and carrier-doped zigzag hexagonal
GNFs,””" confirming its temperature stability as observed experi-
mentally up to room temperature.*>*

As clearly seen above, hydrogen is viewed as a powerful
agent to tune electronic and magnetic features of GNFs.*>® For
both hexagonal and triangular GNFs with zigzag edges, increas-
ing content of hydrogen activates a sequential transition from a
behavior of a small-gap semiconductor through half-metal to a
wide-gap semiconductor. Besides, raising the level of hydro-
genation causes the occurrence of a magnetic transition from
the FM to the non-magnetic state for triangular GNFs and from
the AFM through FM to the non-magnetic state for hexagonal
GNFs (see Fig. 63). The non-magnetic behavior for fully hydro-
genated GNFs is expected as all the carbon n-bonds become
saturated, leaving no unpaired electron.>®®> If GNFs of both
shapes are half hydrogenated, strong spin polarization arises
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Fig. 61 (a) Evolution of the energy difference between the AFM ground
state and the excited FM state upon increasing the size of the hexagonally-
shaped zigzag-edged GNF without any charge doping. Red and blue color
correspond to the spin-up and spin-down density, respectively. (b) Spin-
density plots for the hexagonally-shaped zigzag-edged GNF for cases
when one electron is removed (i.e., a hole is introduced; upper left), system
is neutral (upper middle), and one electron is doped (upper right). Again,
red and blue color indicate spin-up and spin-down density, respectively.
The bottom panel displays the difference in charge density between the
neutral and charge-doped GNFs. It is worth mentioning that the doped
carrier (hole or electron) is distributed only along the edges of the
hexagonally-shaped zigzag-edged GNF. Reprinted with permission from
ref. 351. Copyright 2014 American Physical Society.

around Ep, manifested by a large net magnetic moment which
scales with a power of two with the nanoflake’s size. The induced
spin magnetizations are found to align parallel, showing a collec-
tive character promoted by a long-range magnetic coupling; such
GNFs can act as spin filters.>*®

Within the family of nanodisks, trigonal zigzag members
were found to show half-filled degenerate zero-energy states,
behaving as metallic ferromagnets.*** The degeneracy can be
tuned arbitrarily by changing the nanodisk’s size. Moreover, the
relaxation time of these systems is quite long at low tempera-
tures, depending on their size.***
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Fig. 62 Magnetic phase diagram as a function of varied on-site Coulomb
interaction (U) and charge doping (d) for a hexagonally-shaped zigzag-
edged GNF (with N = 3). Representative spin-density plots for (b) AFM,
(c) mixed, and (d) FM configurations (for U = 6 eV). Reprinted with
permission from ref. 351. Copyright 2014 American Physical Society.

Bowtie-shaped GNFs (see Fig. 64) are peculiar systems with
an immense potential as a molecular switch.**” Their structure
consists of two triangular GNFs with zigzag edges oppositely
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oriented and connected with a hexagon. Zero-energy states are
supposed to evolve; they are spin-polarized due to the Coulomb
repulsion between electrons. Bowtie-shaped GNFs show an
AFM ground state with S = 0 (i.e., zero net spin) when the
direction of the spin of a carbon atom is opposite to that of its
nearest neighbors. In the AFM ground state, spin-up and spin-
down components are symmetric; the occupied spin-up energy
levels are localized in the left triangle while the occupied spin-
down energy levels lie in the right triangle of the bowtie-shaped
GNF (see Fig. 65).>*” Identically, unoccupied spin-up and spin-
down energy levels are found in the left and right triangles of
the bowtie-shaped GNF, respectively. In contrast, in the FM
state, the spin-up and spin-down energy levels are delocalized
and distributed over the whole bowtie-shaped GNF (see Fig. 65).
As a result, FM bowtie-shaped GNFs show a perfect spin
filtering effect with a much higher conductance contrary to
their AFM counterparts.®®” Moreover, if exposed to an external
magnetic field, bowtie-shaped GNFs undergo an AFM-to-FM
transition, acting as a switch from an OFF to ON state.>>”*38
If bowtie-shaped GNF is doped with a single charge carrier,
the FIM ground state is favored; in such a case, a sequential
transition from the FIM to metamagnetic and, eventually, to the
FM state is expected to occur upon an increase in the external
magnetic field. The value of the critical transition-inducing field
depends on the nanoflake’s size; it decreases upon an increase
in the size of the system. Moreover, the critical fields are believed
to be affected more significantly by an off-diagonal disorder
in contrast to a diagonal disorder, resulting in a substantial
widening of the critical-field-distribution.*® Conversely, if the
bowtie-shaped GNFs are placed in an external electric field, the
AFM ground state is destroyed; the non-magnetic behavior is
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Fig. 63 Spin-polarized density of states and the isosurface of spin-polarized charge density for (a) differently hydrogenated hexagonally-shaped GNFs
(i.e., non-hydrogenated, half-hydrogenated (CHq5/Cos), and fully hydrogenated GNFs) and (b) differently hydrogenated triangularly-shaped zigzag-
edged GNFs (i.e., non-hydrogenated, extendedly (CHg 67/Co.33), and fully hydrogenated GNFs). H and C atoms are represented by red and brown balls,
respectively. Yellow and blue isosurfaces correspond to the values of +0.006 e A=* and —0.006 e A3, respectively. Reprinted with permission from

ref. 355. Copyright 2013 Elsevier B.V.
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Fig. 64 (a) Structure of a bowtie-shaped GNF. Spin density for (b) FM and (c) AFM bowtie-shaped GNF. Red and green color indicate spin-up and spin-
down orientation, respectively. Reprinted with permission from ref. 357. Copyright 2012 American Institute of Physics.
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Fig. 65 Energy level spectra for (a) AFM and (b) FM bowtie-shaped GNFs. Reprinted with permission from ref. 357. Copyright 2012 American Institute

of Physics.

favored after reaching a critical value of the applied electric field.
Surprisingly, upon an increase in the electric field, the FM
ground state was not observed at all as for GNRs. The occurrence
of the AFM-to-non-magnetic transition was explained in terms of
breaking the sublattice symmetry, eventually bringing enough
energy to split the originally degenerate zero-energy states.**
Moreover, the number of zero-energy states can be well controlled by
asymmetric connection of the two zigzag-edged triangular GNFs
in the bowtie-shaped arrangement; the level of topological
frustration, varying the nullity, was found to modulate the
strength of AFM coupling between the two zigzag-edged triangular
GNFs.**

Alternatively, the two zigzag triangular GNFs can be connected
together with chains of carbon atoms (see Fig. 66).°®' The two
GNFs then interact in an FM manner if the chains are composed
of an odd number of carbon atoms. In the case of an even
number of carbon atoms, no coupling is established between
the two GNFs. Such a behavior can be understood considering
the singlet-triplet rule for a chain of carbon atoms, the anti-
pattern rule for a magnetic bipartite graphene structure, and
the Lieb-Mattis criterion determining the total magnetic
moment.*®* Note that the singlet-triplet rule elucidates the
ground state of a single hydrogen-terminated chain of carbon
atoms; for odd or even number of carbon atoms, the chain
shows a triplet or singlet ground state, respectively. Zigzag
triangular GNFs can be assembled to form two-dimensional
structures when individual GNFs in the network are linked by
1,3,5-benzenetriyl units.**> Such a two-dimensional system
behaves as a ferromagnet; the magnetic moments of the zigzag

3940 | Chem. Soc. Rev., 2018, 47, 3899-3990

Fig. 66 Schematic representation of the two triangularly-shaped zigzag-
edged GNFs connected with an odd and even number (n) of carbon atoms
in a linear chain. Jgc denotes the exchange integrals characterizing the
magnetic interaction between the carbon atom chain and GNFs on
opposite sides, Jgg is the exchange integral characterizing the magnetic
interaction only between the two GNFs on the opposite side of the carbon
atom chain, and Sg and Sc are the total magnetic moments of GNFs and the
carbon atom chain, respectively. The green arrows indicate the orientation
and total magnetic moment carried by each triangularly-shaped zigzag-
edged GNF. Reprinted with permission from ref. 361. Copyright 2011
American Physical Society.

triangular GNFs increase with their size. More importantly, if
the carbon atoms at the zigzag edges of triangular GNFs are
doubly hydrogenated, the strength of the magnetic interaction

This journal is © The Royal Society of Chemistry 2018
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Fig. 67 Spin-density isosurfaces of two zigzag-edged triangular GNFs
(with a length N = 3; TGFs) connected together with B, C, N, and O atoms.
0 denotes the angle between the linking atom and its nearest two carbon
atoms and m represents the magnetic moment of the structure. The
different colors indicate the opposite spin orientations; the magnetic
moment was identified to originate mainly from 2p orbitals of the C atoms.
Reprinted with permission from ref. 363. Copyright 2012 IOP Publishing
Ltd and Deutsche Physikalische Gesellschaft.

among GNFs is enhanced stabilizing the FM state over the
whole structure.®®>

Triangular GNFs with zigzag edges were theoretically used as
building units to construct two-dimensional superstructures
known as magnetic kagome lattices.*® In particular, C, O, B,
and N atoms served as bridging atoms (see Fig. 67). The ground
magnetic state of designed kagome lattice was found to
strongly depend on the chemical nature of the linking atom
and lattice’s size. If linked with C, B, and N atoms, zigzag-edged
triangular GNFs interacted in an FM manner while an AFM
coupling was favored for O as a linking atom. In other words, C,
B, and N atoms were identified as mediators of FM coupling,
the strength of which can be varied by changing the size of the
zigzag-edged triangular GNFs and the bridging atom. Such two-
dimensional kagome lattices, semiconducting in nature, were
predicted to show a Curie transition temperature above 300 K
and could be thus well suited for spintronic applications.*®?

Besides a perfect spin filtering effect and giant magneto-
resistance,*®* a magnetoelectric effect is another application-
promising phenomenon that was predicted to emerge in GNFs
if deposited on a suitable substrate. In particular, it involves
induction of magnetization by an electric field and induction of
polarization by a magnetic field. To study the magnetoelectric
effect, C;3Hy as the smallest magnetic GNF was suggested as a
model system.**® The magnetoelectric effect was found to strongly
depend on the chemical activity of the substrate affecting the
distribution of the electronic states around Er of GNF by interlayer
interactions. In particular, a non-linear magnetoelectric effect
observed in GNFs evolved from the interaction with the graphene
substrate (see Fig. 68).°%° If an h-BH sheet was inserted between
the GNF and graphene support, the magnetoelectric effect showed
a linear nature accompanied by an enhancement of its coeffi-
cients (see Fig. 69).>%

Experimentally, the issue of origin of magnetism in GNFs
was addressed by the ESR technique; the surface areas of
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Fig. 68 (a) Spin density of GNF (i.e., C13Hg; magenta color for spin-up and
light blue color for spin-down orientation) and charge redistribution
induced by adsorbing GNF onto graphene (with red and blue colors
indicating charge accumulation and depletion regions, respectively). (b)
Amount of transferred electrons in the GNF and graphene in dependence
on the strength of the electric field. (c) Dependence of the net magnetic
moment of the GNF on the strength of the electric field. The inset in panel
(c) shows the structure of the GNF lying on the graphene substrate with
the bias electric field (green and gray balls marking carbon and hydrogen
atoms, respectively). Reprinted with permission from ref. 365. Copyright
2012 American Chemical Society.
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Fig. 69 (a) Charge redistribution induced by adsorbing the GNF (i.e.,
Cy3Hg) on h-BN-sheet/graphene with red and blue colors indicating
charge accumulation and depletion regions, respectively (blue, green,
yellow, and gray balls used for representation of carbon, nitrogen, boron,
and hydrogen atoms, respectively). (b) Dependence of the net magnetic
moment of the GNF on the strength of the electric field with the inset
showing the structure of the GNF on the h-BN-sheet/graphene substrate
with the bias electric field. (c) Variation in amounts of transferred electrons
in the GNF and graphene as a function of the strength of the electric
field. Reprinted with permission from ref. 365. Copyright 2012 American
Chemical Society.
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synthesized GNFs were <1 um?”. The analysis of ESR spectra
identified a broad component showing a transition to the FM
state at 25 K as demonstrated by changes in the intensity and
linewidth of the signal and g-factor. Assisted with DFT calcula-
tions considering various extended defects (e.g:, sheet edges,
zigzag chains of chemisorbed H atoms, pentagon-octagon rows),
the magnetic moments were proposed to evolve at C atoms in
their vicinities. At low temperatures, FM coupling then develops
among the magnetic moments emerging due to the H-saturated
C atoms."*’

4.3. Graphene quantum dots

Graphene quantum dots (GQDs) are finite carbon nanostruc-
tures with sizes ranging from 2 to 20 nm; they are classified as
0D carbon nanoallotropes.” They are composed largely of sp>
hybridized carbon atoms, are crystalline and monolayered.
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However, in practice, they often consist of a few stacked
graphene monolayers due to graphitic nanosheet nature of
the precursors. Their physical properties are driven by quantum
confinement and edge effects; the most prominent feature
includes size- and functionalization-tunable photoluminescence.’

Several synthetic methods were developed for preparing
GQDs. In general, they fall into two groups, i.e., top-down and
bottom-up approaches (see Fig. 70).>°® A general feature of all
the top-down methods is to cut graphene sheets into GQDs;
they include chemical ablation, electrochemical oxidation, and
oxygen plasma treatment. As a starting material to cut, carbon
black, coal, graphite, graphite fibers, single-walled and multi-
walled carbon nanotubes, graphene or graphene oxide are
used. In bottom-up methods, GQDs are assembled from small
aromatic molecules.’

In many aspects, the magnetic properties of GQDs are
identical to those of GNFs. In particular, the ground magnetic
state depends strongly on the size, geometry, and symmetry of
GQDs.*” 1t was theoretically predicted that the magnetic
response in GQDs emerges due to electron edge states with energy
location within the finite-size quantization pseudo-gap.*®® Two
types of edge states, i.e., the zero-energy states and dispersed edge
states, then determine the magnetic ground state of GQDs. While
zero-energy states are related to the existence of a spin, the
presence of dispersed edge states with almost zero energy estab-
lishes a diamagnetic behavior. Thus, GQDs (hexagonal, circular,
and arbitrarily shaped) which contain mainly dispersed edge states
are found to be diamagnetic. The susceptibility of variously shaped
GQDs (with sizes from 2 to 7 nm) is shown in Fig. 71.>°® The
shaded regions in the plots correspond to the pseudo-gap. The
results presented in Fig. 71 match the analytical calculations of
previously reported studies for a graphene sheet with a band gap
of 2A.***3% The zero-energy states located at the zero-energy
Dirac point are responsible for the Curie paramagnetism and are
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found in the triangular GQDs. The small triangular GQDs show
spin paramagnetism at low temperatures, while orbital magnetism
dominates at high temperatures for bigger triangular systems.
Among GQDs with various shapes, those with triangular
appearance and zigzag edges have caught significant attention
with regard to their magnetic behavior. Zigzag triangular GQDs
show an FM ground state; however, its robustness against
thermal fluctuations is heavily questioned as it can be destroyed
even at low temperatures. Moreover, the FM ground state in
triangular GQDs is predicted to be destabilized upon introduc-
tion of sufficiently strong disorder. The loss in magnetization is
ascribed both to the bulk and edge disorder; while the bulk
disorder alters the density of states around the van Hove
singularities, the edge disorder affects the energy states in the
vicinity of Er where the edge states appear.’”° Similarly, the FM
ground state in zigzag triangular GQDs can be ruined by edge
reconstruction.>”* The theory predicts that triangular GQDs with
pentagon-heptagon edges (see Fig. 72) are more stable than
those with perfect zigzag edges in the absence of hydrogen
passivation. If the zigzag edges are passivated with hydrogen,
the stability of triangular GQDs significantly increases; they
become more energetically favorable than those with recon-
structed edges. If the edge reconstruction occurs, the band with
zero-energy states still exists; however, the distinction between
the two sublattices is smeared out. Moreover, due to a reduction
in the symmetry of GQD upon edge reconstruction, the band
with zero-energy states shows an increased dispersion. The
mixing of the two sublattices then lowers the splitting between
the spin-up and spin-down bands. These two effects appearing
simultaneously are believed to be responsible for the loss of the
net magnetization.*”" In contrast, for triangular GQDs with ideal
zigzag edges, the splitting between the spin-up and spin-down
energy states is always larger even though the dispersion of
the zero-energy band increases with an increase in GQD size.
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random, (c) circular, and (d) hexagonal shape. The pseudo-gap is indicated
by the shaded regions. Reprinted with permission from ref. 368. Copyright
2013 American Physical Society.

This implies that magnetism in triangular GQDs with perfect
zigzag edges should survive even for infinitely large dot-based
systems.*”* Indeed, the magnetism originating from the zigzag
edges in GQDs was found to be robust against imperfections
such as the presence of other types of edges (regular or irregular)
and random terminations. In particular, it was shown that the
shape irregularities do not destroy the edge-state magnetism
if the zigzag edges in GQDs are longer than three to four
repeating units.*”?

On the other hand, if exposed to strain, FM correlations in
GQDs with zigzag edges are significantly enhanced.*®”*”* The
strengthening of FM interactions is predicted to result from
altering the nearest-neighbor hopping integrals upon increase
in the strain. At the same time, the local magnetic moments in
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Fig. 72 Triangular GQDs with (a) ideal zigzag edges, (b) reconstructed edges
with a pentagon—heptagon—pentagon corner, (c) reconstructed edges
with a heptagon—hexagon—-pentagon corner, and (d) reconstructed
edges with a hexagon—hexagon—pentagon corner. Reprinted with per-
mission from ref. 371. Copyright 2011 American Physical Society.

the ground state are modified and can drift from the zigzag to
the armchair edges in the rectangularly-shaped GQDs.*®®

It was theoretically demonstrated that magnetic moments
emerging at the zigzag edges of GQDs can be significantly
affected by the intrinsic spin-orbit interaction.?’*”> Magnetic
anisotropy, driven by spin-orbit coupling, was then found to
determine the arrangement of magnetic moments at the edges
energetically favoring their in-plane configuration with edge
states gapped over the out-of-plane alignment.?”*?*7

Similar to GNRs and GNFs, an external electric field can
significantly modify the electronic and magnetic structure of
GQDs. In particular, zigzag triangular GQDs in a bilayered arrange-
ment are coupled in an FM state in the absence of the external
electric field (see Fig. 73).””® However, if the electric field is applied
vertically (see Fig. 73), the FM behavior can be turned off or the
total spin of the system can be reduced to a single electron/hole
spin. The single electron/hole spin is found to be isolated in a
charge neutral structure in an applied electric field, regardless of
GQD size and without decoherence due to contacts.*”®

Following the theoretical predictions, the bisanthrene iso-
mer of C,gHy4 molecule was identified as the smallest graphene
derivative to show a spin-polarized state.”*' The shape of such a
molecule resembles that of rectangular GQDs with spins
aligned in an AFM manner at the two zigzag edges. The zigzag
edges were found to be spin-polarized for a length of three
consecutive units in minimum if the width of the system was
1 nm or wider. If the zigzag edges are 1 nm and longer, AFM
ordering persists up to room temperature; for longer systems,
spin wave structures were proposed to appear in some high-spin
multiplicity states.>”' Upon increasing the length of the zigzag
edges, oscillations were observed in the energy gap, however,
with a smaller amplitude compared to that found in GNRs with
infinitely long edges. More importantly, in an external in-plane
electric field, the predicted half-metallic behavior seemed to
survive even for finite systems with extremely short edges.**!
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Fig. 73 (a) Structure of bilayered GQDs with zigzag edges and with
equal (left) and different (right) sizes. (b) Isosurface plot of the difference
in the spin-up and spin-down densities for cases with and without
an external magnetic field (E). S denotes the total spin of the system.
Reprinted with permission from ref. 376. Copyright 2011 American Physical
Society.

Distinct magnetic features were experimentally reported for
GQDs or graphene oxide quantum dots depending on their size
and surface modification. In particular, GQDs with an average
size and height of 4.2 and 6.6 nm, prepared by oxidative cutting
of size reduced graphene oxide sheets by UV radiation, were
found to show FM behavior even at room temperature (see
Fig. 74a).>”” The reduced graphene oxide used for the synthesis
of GQDs was diamagnetic at all temperatures down to 10 K,
as reported by several other studies.*’®*”® The FM response
of GQDs was further verified by plotting hysteresis loops as
displayed in Fig. 74b. The FM behavior evolving in these GQDs
was explained in terms of the presence of defects similar to the
case of GNRs, nanographites, and other systems exhibiting
defect based magnetism,>>%380-28"

In contrast, graphene oxide quantum dots, synthesized by
oxidative cutting, were mostly diamagnetic.*®* Particularly, in
three systems with an average dot size of 1.6, 3.3, and 4.1 nm,
the ratio of paramagnetic quantum dots increased from 1/70 to
1/15 and to 1/14, respectively, upon an increase in size. Hydroxyl
groups were identified as a main source of magnetism in these
graphene oxide quantum dots.*®> The suppression of edge state
magnetism was explained in terms of a high-degree irregularity
of the edge structure or spin cancellation between various
magnetic fragments of the boundary. Besides, if the magnetic
correlation length is smaller compared to the CQD size, CQD
then behaves like a system with a single spin. Alternatively, the
edge of such a GQD breaks into smaller fundamental magnetic
order units which act more or less independently.*®*> Here, it
should be stressed that the magnetic correlation length was
estimated to be 1 nm at room temperature and more than
100 nm at 2 K.

3944 | Chem. Soc. Rev., 2018, 47, 3899-3990

View Article Online

Chem Soc Rev

(a) 0.0024 F——
0.003 _ H =50 Oe
o
- 2 0.00181 — e
k) )
3 0.002- g =
£ € 0.0012-
~ —
3 0.001 |
i 0 75 _ 150 225 300
£ Temperature (K)
GQD
0.000 -
——RGO
0 75 150 225 300
Temperature (K)
(b)004- - T=300K
©0.12 -
go.os Tempareure
= i E —— 50K
@ 0% —5
: e
:E’ 0.00 -
g Background
[}
= -0.021 —GQDb
(as measured)
GQD
(after background
-0.04 - substraction)

T L4 T L3 T
-1000 0 1000 2000
Field (Oe)

Fig. 74 (a) Comparison of zero-field-cooled (ZFC)/field-cooled (FC) measure-
ments (i.e., Mec — Mzec) of GQDs and reduced graphene (RGO) quantum dots
at H = 50 Oe. The inset in panel (a) shows the magnetic moment at various
temperatures. (b) Moment vs. field measurement of the background and GQDs
(with and without background subtraction). The inset shows the profile of the
moment vs. temperature curve (only the first quadrant) at various temperatures.
Reprinted with permission from ref. 377. Copyright 2013 Elsevier Ltd.
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FM ordering self-sustainable up to room temperature was
observed for very small GQDs (with an average diameter of
2.21 nm) and a composite containing mat-like polyaniline
nanofibers and 0.315 wt% of GQDs (see Fig. 75).** The increase
in the saturation magnetization of the composite (see Fig. 76)
was ascribed to the electron transfer from the nitrogen atoms of
mat-like polyaniline nanofibers to the encapsulated GQDs.*®

5. Magnetism in graphene induced by
doping with foreign atoms

Creating defects in a lattice is equivalent to disturbing its
chemical surrounding. This can be achieved either by changing

the nature of bonding or by disturbing the bonds. The most
popular approach to generating defects in graphene involves
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Fig. 75 Synthetic route towards a composite containing graphene quan-
tum dots (CDs) and mat-like polyaniline nanofibers (Mat-PANI). Reprinted
with permission from ref. 383. Copyright 2017 Macmillan Publishers Limited.

adopting a sequential oxidation and reduction path to produce
graphene from graphite. The adsorption of oxygen in the basal
plane of graphite during the oxidation of graphite can alter the
chemical properties of the graphitic surface. Thus, defects can
be easily formed due to the interaction of the carbon atoms
with any foreign molecule. This can also be achieved by
sintering the material in a suitable atmosphere. Another widely
used technique to reduce the van der Waals forces between the
layers of graphite involves intercalating a foreign species that
could result in the formation of defects.

The carriers in graphene can be selected to be either
electrons or holes by controlling the metals or molecules on
the surface of graphene. n-Type doping in graphene can be
achieved by using n-type dopants such as K, Ti, Fe, Cr atoms or
NH; molecules.*®****® Similarly, p-type doping can be realized
by dopants such as NO, molecules.*®” In either of the cases, the
electronic configuration of the system modifies by changing the
position of Eg. The position of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of the dopant with respect to the Dirac point in
graphene is important in determining the direction of the

charge transfer (see Fig. 77).*®® In the process of doping,
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n-doped n-type pristine p-type p-doped
dopant dopant
LUMO —
HOMO
Fermi level
LUMO
—— HOMO

Fig. 77 Schematic showing n- and p-type dopants’ Fermi level with
respect to that of pristine graphene. Reprinted with permission from
ref. 388. Copyright 2015 The Royal Society of Chemistry.

exchange of electrons occurs between the dopant and graphene.
Besides, the electrons may get confined in the orbital if it has a
higher energy than Er of graphene. In addition, redox reactions
at the surface of graphene can also cause doping effects in
graphene.*®® Doping with suitable dopants can be achieved by
irradiating graphene.

Doping of graphene lattice with heteroatoms, such as nitrogen
and boron, has been theoretically shown to stimulate n-type
and p-type behavior in the case of N- and B-doped graphene,
respectively.’*° The Dirac point of graphene was downshifted in
N-doped graphene and upshifted in B-doped graphene with
respect to Er (see Fig. 78),°>°° inducing a semi-metal-to-metal
transition in doped graphene. Importantly, if n-electrons occupy
narrow bands at Ey of graphene, Stoner magnetism can emerge.***

Indeed, it has been theoretically proposed and experimentally
confirmed that depending on the concentration and packing
geometry of doping sulfur®® and nitrogen®" atoms, it is possible
to induce FM order in graphene. Both systems yielded similar
transition temperatures to the FM state, 62 and 69 K, respec-
tively, for S- and N-doped graphene (see Fig. 79), with graphitic
dopants playing the principal magnetic role, albeit significant
amount of pyridinic and chemisorbed nitrogen was identified in
N-doped graphene samples. Pyrrolic nitrogen was not detected
in N-doped graphene, which has previously been shown to cause
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Fig. 76 Hysteresis loops of mat-like polyaniline nanofibers (Mat-PANI), graphene quantum dots (CDs), and a composite consisting of mat-like

polyaniline nanofibers and graphene quantum dots recorded at a temperature of (a) 5

K, (b) 20 K, and (c) 300 K. The upper inset in panel (a—c) shows

the behavior of the hysteresis loops at low applied magnetic fields. The lower inset in panel (a—c) shows the hysteresis loops after a subtraction of the
diamagnetic component. Reprinted with permission from ref. 383. Copyright 2017 Macmillan Publishers Limited.
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Fig. 78 Theoretical density of states of B- and N-doped graphene. B atoms
serve as p-type dopants and N atoms as n-type dopants. Reprinted with
permission from ref. 390. Copyright 2014 The Royal Society of Chemistry.
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a decrease in magnetization values.**

However, N-doped
graphene with a solely pyrrolic nitrogen configuration at a very
high concentration (~11.17 at% of N) was found to stabilize
FM ordering up to ~678 K; the Curie temperature of pyrrolic
N-doped graphenes was observed to decrease with increasing
defect concentration.>*® Similarly, pyrrolic nitrogen at a concen-
tration of 6.02 at% enhanced ferromagnetism in graphene
oxide.*®* One shall note that a high oxygen content is regarded
as a dominant source of magnetism, overwhelming the effects of
nitrogen doping itself, and, moreover, oxygen-containing func-
tional groups drastically reduce the electric conductivity of
graphene - the main prerequisite for spintronics. Below 5 at%
of nitrogen and ~ 4 at% of sulfur, graphene behaved dominantly
as a diamagnet; although paramagnetic centers were imprinted
upon doping, they did not lead to magnetically active configura-
tions. Upon an increase in the doping concentration above
these threshold doping values, FM states evolved when the
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Fig. 79 Temperature evolution of the mass magnetic susceptibility (ymass) for (@) N- and (c) S-doped graphene at 5.1 at% (N) and 4.2 at% (S) recorded
under an external magnetic field of 1 kOe with the Curie temperature (T¢), indicated. The ferromagnetic contributions derived from fitting of the ymass Vs.
T curve are shown in the insets. For N-doped graphene, the trend of ymass at low temperatures is also shown in the inset. Hysteresis loops of (b) N- and
(d) S-doped graphene. The insets show the behavior of the hysteresis loop around the origin with nonzero coercivity and field-dependent profiles of
magnetization for the ferromagnetic (Mero) and paramagnetic (M,,2) components. Panel (a and b) reprinted with permission from ref. 51. Copyright 2017
American Chemical Society. Panel (c and d) reprinted with permission from ref. 50. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA.
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Fig. 80 (a) Theoretical partial densities of states (PDOS) calculated for
N-doped graphene at 5.1 at% of N, where nitrogen occupies para positions
in graphene. The supercell and an isosurface of spin density are shown
in the inset. (b) Magnetic configuration of S-doped graphene at 4.2 at%
of S superimposed on a 3D plot of the magnetic moment distribution
within the supercell. (c) The corresponding calculated PDOS plot.
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Chemical Society. Panel (b and c) reprinted with permission from ref. 50.
Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA.

doping-induced paramagnetic centers coupled via a n-electron
system (see Fig. 80).°>°' At low temperatures, the observed
saturation magnetization reached ~1 emu g~ (N-doped graphene)
and ~5.5 emu g~ (S-doped graphene), which is among the highest
values ever reported for a graphene-based system in which the
magnetism is imprinted either by doping or functionalization or
edge modification. It must be noted that both S- and N-doping
offer viable magnetic conductive materials with a huge potential
in spintronic and other magnetic applications. In contrast, upon
doping sulfur into the graphene lattice, a decrease in the

This journal is © The Royal Society of Chemistry 2018
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saturation magnetization was witnessed accompanied by a change
in the nature of magnetic ordering. These observations were
explained in terms of saturation of dangling bonds at vacant
and edge sites by sulfur atoms and, hence, quenching of local
magnetic moments induced by vacancies and edges existing
already in undoped graphenes.’

Recently, an ultralow energy ion implantation was exploited
to incorporate different ion species (B, C, and N) into the
graphene lattice. Er gets reduced or increased due to doping
by B or N, respectively,**® and defects are formed when graphene
is bombarded with carbon ions. STM images of graphene with
different dopant atom species are shown in Fig. 81.>°° The
electronic and magnetic properties can be tuned by selecting
the type of dopant and its location in the structure. For example,
N or B edge substitutions in armchair GNRs do not show any
change in band gap®®” while a semiconductor-metal transition
can occur due to N, B, and pyridine-like substitutions.

Besides boron, nitrogen, and sulfur, graphene can be doped
with transitions metals. However, as their atomic radii are
larger than that of a carbon atom, most of the transition metals
are displaced outwards from the plane of graphene. They tend
to form transition metal-vacancy complexes (i.e., Au, Cu, V,
Cr, Co, and Mn), which are predicted to show an interesting
magnetic behavior.*® For example, if an iron atom is substituted
in the place of a single vacancy, it becomes non-magnetic;
however, if doped in the site of a double vacancy, it shows a
high magnetic moment. Similarly, a non-magnetic behavior is
observed for a nickel atom substituting at a single vacancy. In
such a case, a magnetic moment can emerge when exposed to a
uniaxial strain.>***°° On the other hand, cobalt atoms behave in
a different manner as they give spin polarization, when doped
at a single vacancy in graphene (see Fig. 82a). The cobalt atom
was found to stabilize a symmetric structure of the carbon
vacancy; in the electronic structure of the Co-substituted defect, a
single level appears at Er with a strong contribution stemming
from the p, orbitals of the neighboring carbon atoms, resembling
a single vacancy (see Fig. 82b-d). Then, each Co-substituted defect
possesses a magnetic moment of 1 ug. The total spin value of the
system obeys Lieb’s theorem. If the Co-substituted defects occupy
only one sublattice of graphene, FM coupling is predicted while
an AFM interaction is favored once the Co-substituted defects are
on the opposite sublattices.**®

6. Effect of functionalization on
magnetic properties of graphene

In general, functionalization of graphene has been countlessly
approved as an effective strategy to alter its physicochemical
features tuning them appropriately for a given application.
It involves modification of the graphene surface in both non-
covalent and covalent manner by various adatoms, molecules,
functional groups, and adsorbates. Particularly, functionaliza-
tion leads to tuning of the band gap and hydrophobicity/
hydrophilicity of graphene, eliminating its drawbacks in the
pristine state. Moreover, it prevents stacking and aggregation of
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Fig. 81 STM images of graphene with different dopant atom species incorporated by ultralow energy ion implantation: (a) nitrogen-implanted; (b)
boron-implanted; (c) carbon-implanted. Defects are seen on a larger scale; zoom of single atoms of (d) nitrogen and (e) boron. Both sublattice
orientations were found (red and green triangles); (f) carbon-implanted sample. Reprinted with permission from ref. 396. Copyright 2015 American

Chemical Society.

graphene sheets, facilitating its further processing with solvent-
assisted techniques. Here, it should be stressed that functio-
nalization with intrinsically magnetic species (i.e., oxides of
transition metals) is not discussed as the magnetic properties
of such surface-modified graphene systems are solely driven by
covalently or non-covalently attached magnetic compounds
significantly overshadowing potential magnetic moments induced
in graphene by functionalization; the topic of graphene function-
alization with iron oxide nanoparticles was, for example,
thoroughly covered in the review by Tuéek et al.***

Graphene defects can be due to the presence of carbon
adatoms, a consequence, for example, of a knock-on process
that removed the atom from its position in the graphene lattice
but with the atom still connected in some form to the sheet
itself. Carbon adatoms can occupy various positions on the
graphene sheets, for example, bridge (above a C-C bond),
top (directly above a C atom), hollow (above the center of a
hexagonal ring) and others (see Fig. 83). GGA calculations have
shown that the “bridge” position has the lowest formation
energy (position A in Fig. 83)."*° The calculated perpendicular
distance of the adatom from the underlying graphene sheet
is 1.87 A. The two C atoms bonded to the adatom present a
sp>-sp® hybridization, while the adatom itself is sp> hybridized
(see Fig. 84). The energy required to adsorb a C atom is 1.40 eV,
nearly 1 eV lower than that necessary to adsorb directly above
a lattice C. The diffusion of C adatoms through two bridge
positions has a barrier of 0.47 eV, whereas migration across the
graphene sheets requires energy 4 times higher.'*!

An atomistic simulation using the three-center tight-binding
potential for carbon was performed to obtain low-energy defect
structures.’®> Fig. 85 shows the low-energy structures for

3948 | Chem. Soc. Rev., 2018, 47, 3899-3990

adsorption of 1-4 carbon atoms on graphene including their
formation energies. A linear chain of the carbon adatoms is
preferred. The lowest formation energy was found for adsorp-
tion of two atoms. Moreover, the formation energy of carbon
adatom insertion into graphene is much higher than that of
carbon adatom adsorption on graphene.

Carbon adatoms formed upon displacement are responsible
for magnetism. As discussed above, adatoms can diffuse on the
graphene sheet surface. Calculations have shown that the
diffusing atoms migrate as non-magnetic units, but they
become magnetic when they reach the equilibrium (bridge)
position. Carbon adatoms contribute to magnetism with a
magnetic moment of 0.5 up. The paramagnetic/FM oscillations
at various calculated cell size indicate that among the adatoms,
RKKY interactions take place. Annihilation of magnetism can
take place at high temperatures, unless clusters are formed,
thus “pinning” the magnetism."*!

Interestingly, it was found that the magnetism evoked by
adatoms (and vacancies) can be effectively controlled by doping
resulting in switching ‘ON’ and ‘OFF’ of the magnetic moments;
nitric acid (HNO;) or NO, gas were chosen as hole dopants
whereas aniline as an electron dopant.’®® Such an observation
unambiguously proved the itinerant nature of magnetic moments
in graphene, i.e., the existence of = magnetism. More specifically,
if a graphene sheet with vacancies is sufficiently doped
with charge carriers (i.e., when |Ex| > Ug, where Ug is the
Coulomb repulsion), the contribution to the magnetic moment
originating from a singly occupied 7 state completely vanishes
while the other contribution from an unsaturated ¢ bond
remains unaffected. In other words, only half of the magnetism
generated by a vacancy can be switched off by charge doping,

This journal is © The Royal Society of Chemistry 2018
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Fig. 82 (a) Isosurface of the spin density induced by the Co-substituted
defect. Spin-up and spin-down densities are represented by light and
dark colors, respectively, with isovalues of £0.008 e~ Bohr~>. (b) Spin-
unpolarized band structure of a vacancy. (c) Majority spin-band structure
of the Co-substituted defect; (d) minority spin-band structure of the
Co-substituted defect. Reprinted with permission from ref. 398. Copyright
2010 American Physical Society.

providing the potential to control the spin transport and,
hence, spin diffusion in graphene.**?

Importantly enough, density-functional calculations indicated
that virtually any molecule attached to a carbon layer through a
weakly polar single bond leads to an effect like that of hydrogen
adsorption.”™ The graphene-adsorbate complexes exhibited a
spin moment of 1 ug. The adsorption-induced spin polarization
texture was shown to be remarkably similar for various
adsorbed groups (see Fig. 86). The magnetic moments align
ferromagnetically on the same sublattice, with an exchange
coupling that falls off very slowly with the distance (r) between
adsorbates (~r~1*), ¢ ~ 0.20). In contrast, sp’>-functionalized
opposite sublattices tend to couple antiferromagnetically. The
band structure for graphene functionalized with adenine and
methyl groups (see Fig. 86) showed that the magnetization comes
from a very narrow defect state pinned at Eg. Similarly, one

This journal is © The Royal Society of Chemistry 2018
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Fig. 83 Various adatom configurations on a graphene lattice. Reprinted
with permission from ref. 140. Copyright 2005 American Physical Society.

Fig. 84 Schematic of the bond orbital configuration in the case of an
adatom at the bridge (equilibrium) position. Reprinted with permission
from ref. 141. Copyright 2003 American Physical Society.

spin-polarized peak appeared close to E for various adsorbates
chemisorbed on graphene through a single C-C bond (see
Fig. 86).%%*

Various chemical routes such as hydrogen passivation,
molecular grafting, or functionalization with various functional
groups can be adopted to produce defects in graphene.*®™*° 1t
was proved that atomic hydrogen can change the hybridization
type in the parent graphene lattice from sp” to sp® bonding.**®
Fig. 87 shows the density of states for one-sided functionaliza-
tion of bilayer graphene with several functional groups such as
CN, NH,, CH;, COOH, and a combination of dopants and
hydrogen.*°® The chemical nature of the dopant is independent
of the band gap (0.6-0.7 eV) generated due to one-sided doping.
However, functionalization by halogens or their combination
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Fig. 85 Top and perspective views of the low-energy structures and formation energies (in eV) of adsorption of one, two, three, and four carbon atoms
on graphene calculated by tight-binding approximation: (a) 5.52 eV; (b) 4.42 eV; (c) 7.58 eV; (d) 6.7 eV. Reprinted with permission from ref. 402. Copyright

2016 IOP Publishing Ltd.
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Fig. 86 (a) Adsorption geometry. (b—e) Isosurfaces of the magnetization density induced on graphene by functionalization using the adenine derivatives.
Spin-polarized band structures for graphene with (f) a single adenine derivative and (g) a CHs molecule chemisorbed on top of one carbon atom. (h) Spin-
polarized density of states (DOS) for a single molecule chemisorbed on a graphene supercell. The shaded regions indicate the density of states of pristine
graphene. Reprinted with permission from ref. 404. Copyright 2012 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft.

with hydrogen atoms was found to equip graphene with a wider
band gap (1-3 eV).

Graphane, the fully hydrogenated graphene derivative, is a
non-magnetic wide-gap semiconductor (~ 3.5 eV). Hydrogen can
form a strong covalent bond with the carbon atom in graphene,
thereby, consuming the m-electron to form sp® hybridization.
This results in a strong resonance near Er and increases the

3950 | Chem. Soc. Rev., 2018, 47, 3899-3990

spin-orbit coupling. More specifically, the change from sp> to
sp® states confines the p, electrons into the chemical bonds,
which is manifested by the disappearance of n-bands; the
c-bands are observed to move to the top of the valence band,
which is accompanied by a large opening of the band gap.
Although the hexagonal lattice of graphene is preserved in
graphane, the periodicity decreases. Multilayered graphane, also

This journal is © The Royal Society of Chemistry 2018
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Fig. 87 Optimized configurations and total densities of states for one-sided functionalization of bilayer graphene. Left panel and red solid lines
correspond to the case of two identical dopants, e.g., F-- -F, per hexagon; right panel and dashed green lines correspond to the case when one dopant
group per hexagon is replaced by hydrogen atoms, e.g., F---H. Reprinted with permission from ref. 406. Copyright 2008 American Physical Society.
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Fig. 88 Energetics of the bands in graphane with the defect levels
(r and ©*) induced by H-vacancy (dashed lines): (a) defect-free graphane;
(b) graphane containing a single H-vacancy. The a- and B-spin states
correspond to spin-up and spin-down states. Inset displays isosurfaces of
spin-densities. Reprinted with permission from ref. 412. Copyright 2010
IOP Publishing Ltd.
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called hydrographite, is a stable compound with a hexagonal
crystal structure.*'® Hydrogenation of graphene was found to be
reversible,*® providing the flexibility to manipulate the coverage
and to tailor its properties. Hydrogenation of graphene can be
achieved by several techniques such as exposing graphene to
hydrogen plasma, e-beam irradiation, or Birch reduction of
graphite oxide. Graphane was found to show FM behavior that
can resist against thermal fluctuations up to room temperature;
the stability of the FM state was explained in terms of large
extent of hydrogenation as proved theoretically. Besides, it was
reported that AFM contribution can be detected arising as a
result of multiple defects in agreement with computational
predictions.*™

Furthermore, a H-vacancy defect in the graphane lattice leads
to the formation of a localized state with an unpaired spin and,
accordingly, the formation of a defect level in the energy gap (see
Fig. 88).*" The armchair graphane is non-magnetic but AFM
ordering can be seen on the same edge of zigzag edged graphane
nanoribbons. Like GNRs, where spin states can be confined in
zigzag GNRs by periodically repeating edge profiles, graphane
nanoribbons can also produce similar effects.*'**'* Fig. 89
shows the energy-band diagram and band-projected charge
density isosurfaces of various states of such a superlattice that
mimics the edge roughness. The superlattice in Fig. 89 is a
periodically repeating heterostructure of narrow (N, = 6) and
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Fig. 89 The atomic and electronic band structure of a graphane nano-
ribbon including edge roughness. The yellow/gray shaded region is the
band gap between the edge states. Ef is considered as the zero band
energy. Reprinted with permission from ref. 414. Copyright 2010 American
Physical Society.

wide (N, = 8) segments of graphane nanoribbons, where N, is the
number of zigzag carbon chains along the nanoribbon’s axis. It
can be seen that at specific regions of periodic edge roughness,
electronic states can be confined. On the other hand, it was
proposed that edge states should theoretically disappear as a
result of the absence of delocalized n-electrons due to completely
sp® hybridized carbon atoms. Thus, only inner carbon atoms
and hydrogen atoms determine predominantly the electronic
structure of graphane nanoribbons, implying that they can be
additionally modified in order to observe an emergence
of magnetism.*"> Thus, spin polarization can be formed by
creating domains of H-vacancies and CH-divacancies.*'® First-
principles calculations using the Vienna ab initio simulation
package (VASP) show that transition-metal-atom-embedded
graphanes have larger magnetic moments in comparison to
that of their corresponding graphene structure embedded with
transition metal atoms or pristine graphane. The magnetic
moment in graphane can be tailored by selecting a suitable
dopant.*'® In particular, a maximum magnetic moment of 3.5 ug
was found when Mn atoms were embedded in graphane.*'” More
importantly, if a heterojunction structure with different transition
metals (i.e., nickel and vanadium), substituted in graphane, is
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theoretically considered, the spin-down current is observed to
be totally suppressed and the spin-up current increases upon
the application of the negative bias voltage.

Semi-hydrogenated graphene, known as graphone, shows a
band gap of ~2.45 eV."'®"'® DFT calculations reveal that
rectangular graphone is the most stable structure. Triangular
graphone can undergo transitions to attain its stable structure
by moving its two hydrogen atoms to the nearest carbon atoms
at the starting point of the trigonal geometry. Fig. 90 shows the
electron densities of triangular and rectangular graphone.
The electrons in triangular graphone are localized around the
hydrogen atom, while the electrons in rectangular graphone are
not localized around the hydrogen atom. Thus, there exists a
strong (weak) interaction between the two nearest hydrogen
atoms in rectangular (triangular) graphone. This enhances the
stability of rectangular graphone. Such kind of mutual inter-
action that exists between the two nearest neighbor hydrogen
atoms in the rectangular graphone encourages AFM behavior.
The unstable triangular graphone exhibits FM behavior with an
indirect band gap of ~0.67 eV. Further, for single-side hydro-
genated graphene with H-vacancies distributed on the neighbor-
ing carbon atoms belonging to the same graphane sublattice
(graphone), the theory predicted®® FM ordering with the estimated
Curie temperature between 278 and 417 K. Fig. 91 shows that the
induced magnetic moments are localized on the unhydrogenated
atoms, while the hydrogenated C atoms and H atoms carry very
small magnetic moments, which is due to the formation of strong
c-bonds between carbon and hydrogen atoms that break the
n-bonding network and leave the electrons in the unhydroge-
nated C atoms localized and unpaired. The long-range magnetic
coupling in graphone can be attributed to the large spatial
extension of the valence electrons in the p-states.

The stability of graphone can be increased by fluorination. In
fact, graphane (hydrogenated graphone) is less stable than a 100%
fluorinated graphene.*?° DFT calculations show a dramatic change
of electronic and magnetic properties upon fluorinating graphone.
The insulating AFM graphone can be changed to an FM half-
metallic fluorinated graphone. As the magnetism in graphone
arises due to the localized and unpaired electrons originating from
the unhydrogenated carbon atoms, any subsequent bond for-
mation at these carbon atoms can quench the magnetic ordering.
Further DFT study showed a two- and four-fold decrease in total
magnetization upon adhesion of graphone on quartz and copper
substrates, respectively.**' However, in reality, no quenching of
magnetization can be observed if polycrystalline copper or

- 2.400
1.800
1.200

. 5.999e-1

.-1.400e-4

Fig. 90 Electron densities of (a) triangular (b) rectangular graphone. Reprinted with permission from ref. 419. Copyright 2012 AIP Publishing LLC.
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Fig. 91 (a) 2D plot of calculated spin-density difference (between spin-up
and spin-down density) of graphone and (b) isosurface computed at a
value of 0.26 e A~3. Reprinted with permission from ref. 52. Copyright
2009 American Chemical Society.
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Fig. 92 (a) Side and (b) top views of the zigzag-edged semi-hydrogenated
graphene nanorod in the fully-hydrogenated graphene layer where N denotes
the width of the nanorod. Reprinted with permission from ref. 422. Copyright
2017 American Chemical Society.

amorphous silica substrates are used. This is due to the lack of
effective bonding between the substrate and the corresponding
C atoms.

Recently, an architecture comprising a semi-hydrogenated
graphene nanorod incorporated into a fully-hydrogenated
graphene sheet was theoretically proposed to show a robust
ferromagnetism and bipolar semiconducting behavior (see
Fig. 92).">* Due to the areal magnetization promoted by half-
hydrogenation, the FM response is not affected by the variation
in the width and orientation of the nanorod in contrast to the
magnetic behavior of related systems, relying solely on the edge

This journal is © The Royal Society of Chemistry 2018
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states, and hence potentially ruined by chemical contamination
and structural defects."*>

Halogenation of the graphene system generates several
interesting features by constructing a change in electron/hole
density due to chemical adsorption. Fluorine doping can result
in extra charge formation. For example, recent DFT calculations
addressed the effect of doping on the magnetic properties of
hydrogenated and fluorinated graphene.’”® A carbon atom can
gain one unpaired electron when its neighboring carbon atom
is attached to a functional group. Eventually, this process can
occur in a series to gain unpaired electrons which would
facilitate magnetism. The magnetic nature of the doped system
is decided based on the presence of the unpaired electrons
in the sublattices. Fluorinated and hydrogenated graphene
possesses about 0.72 and 2.0 up, respectively, without doping.
The spin-up and spin-down density was found to vary depend-
ing upon the doping of extra charges (electrons/holes). The C-F
bond length can be extended by adding more electrons by
fluorination. Fig. 93 shows the band structures of the fluorinated
graphene with various charge contents.*?® It is well known that
Ep shifts due to doping of extra charges (see Section 5). Er can
shift down or up due to doping of holes or electrons, respec-
tively. Hence, the spin polarization states of both spin-up and
spin-down vary upon charge doping. However, fluorine doping
has different effect on the graphene systems. In addition to the
shift in Eg, spin-up and spin-down band distances also move
disparately. In this respect, it was shown that the relative
distance between Er and the spin-up band lines hardly changes
if the system is doped with positive charges that are smaller
than 0.6 e. Fig. 94a and b display the geometrical structures of
the hydrogenated and fluorinated carbon, respectively.**?
Hydrogen, carbon, and fluorine atoms are represented as
white, cyan, and grey solid spheres, respectively. The unseen
connections between the carbon atoms are shown by green
triangles. The torsions of the two geometrical structures are also
displayed. As is clear from Fig. 94c—f, the hydrogenated graphene
has a maximum spin moment when it is not doped, while
the spin moment decreases linearly upon doping (electrons/
holes).**® The fluorinated graphene has its maximum spin
moment when doped with a positive charge of 0.6 e. It could
undergo a change in the magnetic phase to become non-
magnetic if it is doped with negative charges (—0.6 e). This
can happen due to a change in the bond length as a result of
the presence of extra charges.

Evolution of potential magnetic response in fluorinated
graphite was studied with regard to various F/C ratios.*** By
employing the ESR technique, it was found that fluorinated
graphites showed paramagnetic behavior with a g-value of ~2,
typical for paramagnetic defects and free radicals. A generation
of local magnetic moments was proposed originating
from dangling bonds that are formed due to the conversion
of sp®>bonds to sp>-bonds as a result of carbon-fluorine
reactions. Interestingly, strong exchange interactions were
observed between the localized moments of F atoms in a
partially fluorinated sample while the localized spins in highly
fluorinated samples behaved like isolated spins.
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Fig. 93 Fluorinated graphene’s band structures with charge (a) O e, (b) 0.1, (c) 0.3 ¢, (d) 0.6 e, (e) —0.1 e, (f) —0.3 ¢, (g) —0.5 e, and (h) —0.6 e. e is the unit
of charge. The spin-up and spin-down bands are shown with red and black lines, respectively. E¢ is marked with a green dashed line and set to zero.
Reprinted with permission from ref. 423. Copyright 2013 The Royal Society of Chemistry.

Fluorographene, a two-dimensional stoichiometric gra-
phene derivative, is one of the thinnest insulators with a wide
electronic band gap (from 3.0-4.2 eV).*****’ In fluorographene,
the sp>-hybridized C-C and C-F bond lengths are 1.58 and
1.37 A, respectively. Density-functional calculations predicted
that localized spin density can emerge in fluorographene and
can be modulated by the degree of F coverage.**® Fluorination
was experimentally confirmed to be an effective route to gen-
erate noticeable spin-half paramagnetic centers in graphene
(see Fig. 95).> However, possibly due to the adatom clustering,
the measured number of paramagnetic centers was three orders
of magnitude less than the measured number of F adatoms in
the samples (see Fig. 95) and no long-range magnetic ordering
was detected at that time. Thus, the cluster edges were proposed
as the only source of magnetic moments that would determine
the nature of magnetic response. Moreover, the number of spins
() was found to increase monotonically with an increase in the
degree of fluorination (i.e., C;Fy, 0 < x < 1) up to x =~ 0.9.
However, a complete fluorination showed a decrease in the
value of N.**

More recently, in a combined experimental-theoretical
work, Makarova et al**® proved that monoatomic chains
of fluorine atoms on graphene led to strong magnetism in
these purely organic graphene-based systems (see Fig. 96). The
lattice sites that were occupied by F atoms became unavailable

3954 | Chem. Soc. Rev., 2018, 47, 3899-3990

to the m-electron system, i.e., the fluorine chains acted as high-
energy barriers (a “nanoridge”) for the graphene n-electron
cloud. Thus, two edges separated by a nearly impenetrable CF-
nanoridge were created, where one may expect a set of localized
spin states in the A-sublattice on one side of the nanoridge and
the B-sublattice on the other side. Magnetic susceptibility data
yielded behavior typical of a quantum spin-ladder system with
FM legs and AFM rungs (see Fig. 97), in analogy to the exchange
couplings between the zigzag edge-inherited states in GNRs. The
exchange coupling constant along the rungs was measured to be
450 K, which is strong enough to consider graphene with
fluorine nanoridges as a candidate for a room temperature
spintronic material.**’

Like graphone, single-side semifluorinated graphene (C,F) - a
graphene derivative that was recently prepared experimentally**® -
should be FM according to Lieb’s theorem since the fluorine
atoms adsorb on the same sublattice of graphene. Very recently,
the theoretical description of the magnetic moments by
using the Wannier functions highlighted the direct exchange
interaction in maintaining FM order in functionalized gra-
phene, C,F and C,H.**" Unlike graphone, C,F was predicted
to be at the edge of the AFM-FM instability, which in combi-
nation with the Dzyaloshinskii-Moriya interaction can lead
to a skyrmion state at finite temperatures and magnetic fields
(see Fig. 98).**"

This journal is © The Royal Society of Chemistry 2018
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Fig. 94 Geometrical structures and relations between spin moment and

charge of (a and c) hydrogenated and (b and d) fluorinated graphene. The

relation between Er and charge for (e) hydrogenated and (f) fluorinated graphene. Er corresponding to the zero charge is set to zero. Reprinted with

permission from ref. 423. Copyright 2013 The Royal Society of Chemistry.

Intriguing magnetic behavior was observed for graphene
sheets functionalized with fluorine atoms with an arrangement
closely resembling that of a so-called tabby pattern.**> In
particular, the attached fluorine atoms form monoatomic
stripes which run along crystallographic directions, and are
separated by non-fluorinated sp” carbon ribbons. As a result of
bonds developed between the sp*-hybridized carbon atoms and
zigzag fluorine chains, sp®>-sp’® interfaces were observed to
evolve with spin-polarized edge states localized on both sides
of chains. More importantly, fluorine patterns induced
reduction of the effective dimensionality to 1D. For C,F, with
x < 1, a behavior typical for low-dimensional quantum spin

This journal is © The Royal Society of Chemistry 2018

ladder systems was observed, with FM ordering along the
zigzag edges and AFM coupling between the opposite zigzag
edges. In addition, a thermally activated spin gap was detected
at about 450 K. Ferromagnetism stable at room temperature
was also found for C,F, with x < 1 and interpreted as a
consequence of a dimensional crossover due to the onset of
interlayer interactions after ageing or annealing. In contrast,
the C,F, system with x ~ 1 exhibited a behavior characteristic
of the two-dimensional magnetism without any signs of mag-
netic ordering at high temperatures; instead, a transition to a
superparamagnetic regime at 40 K was observed. Thus, the
results demonstrated that a magnetic dimensional crossover in
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Fig. 95 (a) Magnetic moment as a function of parallel field for different
F/C ratios. Symbols represent the measurements and solid curves are fits
to the Brillouin function with S = 1/2 and assuming g = 2. (b) Example of the
temperature dependence of magnetic susceptibility (y = M/H) in a parallel
external magnetic field (H) of 3 kOe for F/C = 0.9. The inset shows
the inverse magnetic susceptibility vs. temperature plot demonstrating
the linear, purely paramagnetic behavior with no sign of magnetic ordering.
(c) Number of spins (N) extracted from the Brillouin fits as a function of the
F/C ratio. The inset shows the same N normalized to the concentration of
adatoms in each sample. Reprinted with permission from ref. 53. Copyright
2012 Macmillan Publishers Limited.
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graphene-based systems can be induced upon changes in the
fluorine content and interlayer distance.**

The chemistry of fluorographene has been recently used to
develop room-temperature magnetically ordered 2D systems.’*
While partially fluorinated graphene samples (i.e., C;F,), prepared
by thermal defluorination of exfoliated C;F;, were either diamag-
netic but contained some paramagnetic centers or exhibited even
an FM ground state with the Curie temperature of 22 K, hydroxyl-
substituted fluorographene (termed hydroxofluorographene) pre-
pared via simultaneous reductive defluorination and nucleophilic
substitution with -OH groups showed room-temperature AFM
ordering with a high saturation magnetization of ~1 emu g/,
and underwent a transition to an FM state at 62 K (see Fig. 99),
as predicted by theoretical models and confirmed experimen-
tally (see Fig. 100).>* The different transition temperatures and
failure/ability to establish magnetic order up to room temperature
highlighted the different origin of magnetism in fluorographene
and hydroxofluorographene. Magnetism of fluorographene with
low levels of sp® functionalization stems from localized defect-
induced magnetic moments. The magnetism in hydroxofluoro-
graphenes with an appropriate stoichiometry stemmed from the
presence of aromatic islands forming diradicals that coupled
through OH-enabled superexchange interactions (see Fig. 101).
These new developments in sp*based room-temperature mag-
netism in 2D systems pave the way to the future organic
spintronic applications.

Adding atoms or molecules in a material through covalent
bonding can influence several properties including the mag-
netic behavior.”** The effects of addition of monovalent and
divalent adsorbates with different electronegativity onto gra-
phene were studied using first-principles calculations based on
spin-polarized DFT. The energy difference between the mag-
netic and non-magnetic states (AE) was used to understand the
stability of magnetic orderings in graphene systems. The atom/
functional group X representing F, H, OH, CN, CHj;, and NH,
was considered for monovalent adsorption while C, N, O, CH,,
and NH were selected as a divalent adsorbate. The monovalent
adsorbate X would make a single covalent bond between
carbon and the X atom. As a result, the bond length and bond
angle, corresponding to sp® hybridization, change. The mag-
netic moment of the supercell then decreases with an increase
in the size of the supercell.*** A very high adsorption concen-
tration of fluorine is required to establish a magnetic ground
state due to its high electronegativity. Thus, the magnetism in
the graphene system with monovalent addition becomes a
charge-transfer-dependent process. However, H adsorption
was found to induce the highest moment with a narrow energy
gap. This is because the charge transfer is dependent on the
electronegativity. The exchange interaction between sp® carbon
and localized states is weakened by the electron transfer
process. The spin split of density of states of graphene with
various supercells for H and N adsorption is shown in
Fig. 102."** The red and black arrows in the density-of-state
plot for N addition can be attributed to the spin-polarized p,
orbital (see Fig. 102e-h).*** Similar results were obtained by
adopting LSDA+U calculations except that the positions of

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c7cs00288b

Published on 26 March 2018. Downloaded by University of Warwick on 11/26/2021 2:07:52 AM.

Chem Soc Rev

=
o

View Article Online

Review Article

©
- &F 0.2] &F 20{ &F oo~ R1.0{ ° ©F
3 0.4 = g
; 33237 O
S A S
. fe e £
: 450
«P ;5 K
o % [
x e
= J el
-10-5 0 5 10 0.000.209.400.60
0.01— . . . . . . . . . H{KkOe) . . . L .
0 100 200 300 O 100 200 300 0 100 200 300 0 100 200 300
T (K) T (K) T (K) T (K)

(a) (b)

(c) (d)

Fig. 96 (a—c) Raw data of magnetic susceptibility (y) of the C,F samples (n = 2, 3, and 4). C4F and CsF samples were measured at an applied magnetic field
of 100 Oe upon heating after zero-field cooling (open circles); the same curves with the Curie contribution (grey) subtracted are represented by filled red
circles. A C,F sample was measured upon heating (filled circles) and upon cooling (open circles). The inset in panel (c) shows the room-temperature
hysteresis loop of the C,F sample. (d) Normalized spin susceptibilities for C4F, CsF and C,F samples with the inset showing dependence of the spin
susceptibility on reciprocal temperature for these samples. Reprinted with permission from ref. 429. Copyright 2015 Macmillan Publishers Limited.

localized states (on N atoms) for the spin-up branch were
deeper in the valence band for U.g = 4.6 eV.

In contrast, the induced magnetic moment in the case of
divalent adsorption was found to be more stable and less depen-
dent on the concentration of the adsorbates.*** The n-bond breaks
after the divalent adsorption and sp*-like hybridization is seen at
the carbon sites. However, the magnetic contribution from this
n-bond breakage is very small because the hybridized carbon atoms
belong to different sublattices of graphene. The adsorption of O,
CH,, and NH did not yield any magnetic ordering in the ground
states due to the absence of any unpaired p, electron. N adsorption
induces a larger moment compared to C atom adsorption. AE for
the divalent adsorption does not follow any regular fashion. Like the
monovalent adsorption, the exchange interactions for the divalent
adsorption on graphene were found to be distance-dependent.**

Covalent adsorption of an aromatic radical onto a graphene
sheet can also imprint magnetic behavior and band gap open-
ing. For example, attaching a phenyl group onto graphene was
theoretically found to generate a band gap by modifying the
band structure, thereby creating two spin-dependent states
around Er.*** A nonzero magnetic moment can be induced
due to an imbalance between the two sublattices in graphene
caused by an aromatic adsorption on one of the carbon atoms
in the sublattice. As a result, the corresponding p, orbital
is removed leaving the other sublattice unpaired. However,
graphene is found to be less sensitive to adsorption of an
aromatic molecule.

The magnetic ground state can vary depending on whether
the adsorbate is physically or chemically adsorbed. Employing
DFT calculations, it was predicted that the magnetic response
for such adsorption emerges at a femtosecond time-scale due to
core level excitations.”*®> The dominant interaction between the
physisorbed molecule and graphene is primarily governed by
the van der Waals forces. In such cases, the ground state of the

This journal is © The Royal Society of Chemistry 2018

system is non-magnetic. The magnetic ground state is altered
by the degree of electron transfer that happens at the femto-
second time-scale. This non-magnetic ground state can be
magnetic only after a core electron gets excited and retains its
magnetic state until the core electron is de-excited. In contrast,
for covalently bonded molecules, the ground state is of mag-
netic nature and the magnetic state is suppressed by the
excitation of a core electron.

Alternatively, ferromagnetism was observed in hydrogenated
epitaxial graphene grown on SiC substrates.**® The effect of
substrate on the evolution of magnetic behavior in graphene
was studied by growing a quasi-freestanding monolayer
graphene which was prepared by intercalating hydrogen between
the SiC substrate and the buffer layer. Due to the exchange
coupling interaction between the localized states in the hydro-
genated graphene layer and the localized states of the buffer
layer, the hydrogenated epitaxial graphene was found to show
FM ordering."*® Moreover, a paramagnetic response for the
buffer layer was observed, signifying the presence of localized
magnetic moments at the defect sites. Upon hydrogenation,
sp® defect states were created by virtue of C-H bonds. These
newly generated states were believed to undergo a spin split in
the vicinity of Er due to the Coulombic interaction of the Si
dangling bonds. Thus, the FM state was stabilized with the
Curie temperature of 300 K or higher.**® Even in the absence of
the substrate, hydrogenated graphene was reported to exhibit
an intrinsic ferromagnetism with the lower Curie temperature.
The emergence of FM behavior was further confirmed by
measuring the remanent magnetization by magnetic force
microscopy (MFM, see Fig. 103).%*® A difference in the MFM
signal is seen in between the single (1L) and bilayer (2L)
areas implying a change in the degree of magnetization corre-
spondingly; it was explained by the difference in hydrogen
coverage by both layers. Fig. 103c then clearly shows a switching
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Fig. 97 (a) A zigzag chain of fluorine on graphene. Opposite spin orientations are shown in red and blue. F atoms are represented by yellow spheres. (b) The
calculated spin density for a random distribution of fluorine chains. (c) A model of a spin ladder with an infinitely strong FM intra-leg interaction (Jgm) and an
AFM inter-leg coupling (Jap). (d) A plot of the magnetic susceptibility (y) for the finite size spin ladder as a function of the reduced temperature. The numbers
near the curves correspond to length of the spin ladder (Ns). Reprinted with permission from ref. 429. Copyright 2015 Macmillan Publishers Limited.

Fig. 98 Schematic representation of the Dzyaloshinskii—Moriya vectors in
C,F. Light and dark red arrows denote the Dzyaloshinskii-Moriya vectors
with positive and negative z components, respectively. Reprinted with
permission from ref. 431. Copyright 2016 American Physical Society.

mechanism in the presence of different layers.”*® The MFM
signal changes its direction upon reversing the external magnetic
field (visible through color inversion of the MFM images in
Fig. 103a and b).*** These MFM measurements clearly support

3958 | Chem. Soc. Rev., 2018, 47, 3899-3990

the present FM behavior of hydrogenated graphene, thereby
ruling out any previous doubts on the evolution of magnetism
in graphene by magnetic contaminations.**

If a graphene sheet is functionalized with -OH groups,
magnetic moments with high magnitudes can be induced on
its basal plane; depending on the concentration of -OH groups
(from 3 to 10 at% of OH coverage) after annealing of graphene
oxide at different temperatures (removing epoxy groups),
the saturation magnetization was found to vary from 0.91 to
2.41 emu g~ .**” More importantly, an inducing efficiency as a
high as 217 uy per 1000 OH groups was observed. In addition,
—-OH groups showed high stability sustaining even at 900 °C.
Thus, -OH groups were suggested as ideal sp>-type candidates
to equip graphene with robust magnetic moments.**”

Unlike graphene which is hydrophobic in nature, graphene
oxide forms stable dispersions in many solvents due to its
oxygen-rich functional groups (e.g., -OH, -O-, -COOH, C—0O0).
In particular, epoxy and hydroxyl groups sit on the basal plane
of the graphene oxide sheet (i.e., in the interior region) while
carbonyl and carboxyl groups are attached at its edge sites.**

This journal is © The Royal Society of Chemistry 2018
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(a) Temperature evolution of the mass magnetic susceptibility (ymass) Of hydroxofluorographene (G(OH)F), measured under an external magnetic

tate upon warming. The insets show the hysteresis loops of GIOH)F at 5 K,
emu gL (b) Isothermal magnetization curves of G(OH)F at temperatures of

5-60 K. The insets show the profile of the hysteresis loops around the origin and the temperature dependence of coercivity (Hc). (c) Isothermal
magnetization curves of G(OH)F, recorded from 100 to 400 K. The inset shows the profile of the isothermal magnetization curves at 350 and 400 K,
demonstrating a transition from an AFM state to a paramagnetic regime above 350 K. (d) Temperature evolution of ymass of GIOH)F, measured under an
external magnetic field of 10 kOe. The arrows show the reversibility of the ymass profile on warming the sample from 5 to 400 K and then cooling from
400 to 5 K. The inset shows a sudden drop of ymass above 370 K, which is indicative of a transition from an AFM state to a paramagnetic regime with a Néel
transition temperature (Ty) of about 372 K. Note: the paramagnetic signal from the non-interacting paramagnetic centers was subtracted from the ymass
data. Reprinted with permission from ref. 54. Copyright 2017 Macmillan Publishers Limited.

Thus, graphene oxide contains a mixture of both sp® and sp®
bonds and is regarded as an insulator with a band gap depending
on the relative fraction of individual oxygen-containing groups
(between ~0.2 and ~4.2 eV). Upon reduction, graphene oxide
may undergo a transition from the insulating through semi-
conducting to the semi-metal state. A single epoxy group is
found to be non-magnetic as it induces equal defects in the
A- and B-sublattice of the graphene lattice. On the other hand, a
single hydroxyl group can effectively generate a localized spin
(~1 up) sitting on the basal plane of the graphene sheet.

It was found that high-content hydroxyl groups can be
formed on the basal plane of graphene oxide upon ring opening
of the epoxy group. An increase in the level of hydroxyl groups
caused a significant increase in the local spin density reaching

This journal is © The Royal Society of Chemistry 2018

a value of 5.17 up per 1000 carbon atoms. In other words,
converting epoxy groups to hydroxyl groups, combined with the
Ar annealing method, increased the magnetization of graphene
oxide from 0.136 to 3.11 emu g~ '.**° Similarly, higher magne-
tization values were experimentally observed for graphene
oxide after thermal annealing in Ar for 2 h. It was suggested
that the elevated temperatures promote migration of epoxy
groups over the surface of the graphene oxide sheets, eventually
self-assembling into several long chains with a zigzag motif.
The increase in the number of zigzag edges was then respon-
sible for a higher value of the magnetic moment. Moreover, the
density of epoxy groups was identified as crucial for cutting the
graphene oxide sheets to small structures with a higher number
of zigzag edges.**°
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Fig. 100 (a) The theoretical mean magnetization map indicates which Cy5(OH),F, stoichiometries are likely to exist in ferromagnetic (FM) and non-
magnetic (NM) ground states. The white circles indicate experimentally studied samples (b—i) for which the isothermal magnetization (M) curves as a
function of an external magnetic field (H), recorded at a temperature of 5 K are shown. The insets in panels (b, ¢, e, f and h) show the behavior of the
respective hysteresis loops around the origin with the saturation magnetization (Ms) indicated. Reprinted with permission from ref. 54. Copyright 2017
Macmillan Publishers Limited.
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yellow/blue. Right panels display corresponding densities of states which indicate the important role of ~OH group in the superexchange interactions.
Reprinted with permission from ref. 54. Copyright 2017 Macmillan Publishers Limited.
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Fig. 103 MFM measurements of hydrogenated epitaxial graphene (1L and
2L) post applying a magnetic field (positive and negative) and the cross
section of its magnetization. Reprinted with permission from ref. 436.
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Furthermore, theoretical studies have shown that the mag-
netic behavior in graphene oxide originating from hydroxyl
groups is more stable than that observed in graphene surface-
functionalized with hydrogen.**' In particular, the energy
barrier for migration was found to be three times higher for
hydroxyl groups than for hydrogen, encouraging the magnetic
stability in graphenes modified with hydroxyls. Moreover, the
migration energy can be further increased upon increasing
the number of water molecules linked to hydroxyl groups.***
Magnetic configurations were predicted to form upon migra-
tion of hydroxyl groups from the solvent, facilitated by the
ripples on graphene, during the production of graphene lami-
nate. A magnetic configuration containing seven -OH groups
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was proposed as stable reflecting the symmetry of the graphene
lattice. The as-formed clusters carry a large magnetic moment
between 4 and 5 ug; the clusters were found to be structurally
stabilized if the distance between them was larger than 3 nm,
behaving thus as paramagnetic centers with negligible
exchange interactions.>

Following several experimental and theoretical studies pub-
lished so far, it is not currently clear which oxygen-containing
group dominantly governs the magnetic properties in graphene
oxide. It was recently reported that if the epoxy groups are
destroyed by heat and/or chemical (by NaOH) treatment, the
magnetic response of graphene oxide is significantly reduced.***
This suggests that epoxy groups are responsible for the evolution
of unpaired spins on carbon radicals, acting thus as sources of
magnetism in graphene oxide.***> Moreover, if organized as an
epoxy-chain pair at various positions on zigzag GNRs, the FM
ground state was theoretically predicted.*** On the other hand,
hydroxyl groups were identified to significantly enhance the
magnetic response in graphene oxide as they are believed to
induce paramagnetic centers with a spin of 5/2.*** However, the
emergence of magnetic moments from hydroxyl groups was
found to strongly depend on the their configuration on the
graphene oxide sheets; the generation of unpaired spins was
predicted only for a case when two non-neighboring hydroxyl-
bonded carbon atoms were connected with one carbon atom
sitting in between them in the ring.***

The concentration of paramagnetic centers in graphene
oxide can be increased by increasing the sp® content. The effect
of degree of oxidation on the magnetic behavior of graphene
oxide was recently studied in the work by Liaros et al**®
Fig. 104 shows the temperature evolution of the mass
susceptibility for graphene oxide with increasing oxidation
(GO3 > GO, > GO,). The Curie temperature was found to
increase by increasing the degree of oxidation in graphene
oxide. The paramagnetic centers can magnetically communi-
cate to exhibit FM behavior provided they are separated by a
small distance. Else, the paramagnetic behavior will be preserved.
The magnetic interaction between the localized magnetic
moments at sp® states is realized by delocalized m-electrons.**®
Although the amount of paramagnetic centers can be increased by
increasing the degree of oxidation, the number of delocalized
n-electrons is believed to be reduced. Thus, it seems to be
necessary to optimize the degree of oxidation to achieve a desired
magnetic ordering sustainable at sufficiently high temperatures.
Alternatively, the Curie temperature of FM graphene oxide can be
increased by doping with nitrogen; if the content of nitrogen
reached 8.80 at% (calculated as 100 N/C at%), N-doped graphene
oxide showed FM behavior with a saturation magnetization of
1.66 emu g~ " (at 2 K) self-sustainable up to 100 K.**’

Upon chemical, electrochemical, thermal, photocatalytic, or
electric-current reduction, the amount of oxygen-containing
groups is decreased and graphene oxide is transformed into a
reduced form.**® In general, the reduction of graphene oxide
increases the sp®/sp’ ratio, resulting in a decrease in the
band gap and an increase in the conductivity. However, the
conversion of graphene oxide to reduced graphene oxide does

This journal is © The Royal Society of Chemistry 2018
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Fig. 104 (a—c) The temperature dependence of mass susceptibility (ymass)
for graphene oxide with different degrees of oxidation (GOz > GO, > GOy).
The insets show the behavior of ymass at low temperatures. Reprinted with
permission from ref. 446. Copyright 2016 The Royal Society of Chemistry.

not restore the features of pristine graphene since the conduc-
tivity of the reduced form is 10-100 times lower than that
observed for ideal graphene. Moreover, besides residual
oxygen-containing groups, reduced graphene oxide possesses
structural defects including topological vacancies and penta-
gon-heptagon defects. A complete reduction to graphene was
theoretically suggested to be hardly achieved due to a difficult
removal of highly stable carbonyl and ether groups. Several

This journal is © The Royal Society of Chemistry 2018
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studies reported FM behavior in reduced graphene oxide
sustainable even at room temperature.**>**®4%% Fig 105a
shows an example of a sample composed of reduced graphene
oxide sheets with saturation magnetization of ~2.73 and
~0.79 emu g~ ' at 2 K and room temperature, respectively.*>
The origin of the FM response was explained in terms of defect
states in the sheets of reduced graphene oxide. The defect
states were found to be healed through several processes.
Fig. 105b then displays the magnetization vs. field curves of
reduced graphene oxide sheets annealed at various tempera-
tures (in the interval from 200-800 °C). A sharp decrease in the
value of the saturation magnetization (~0.08 emu g~ ') was
noticed when reduced graphene oxide was annealed at 600 °C.
At 600 °C, it was proposed that the defect states mend themselves
by a self-repair mechanism that removes various vacancies and
the C-C bond is reconstructed. The saturation magnetization
then showed an increase with a further increase in the annealing
temperature (700 and 800 °C). The increase in the saturation
magnetization was understood as a result of the cleavage of the
C-C bonds, which produces defects contributing towards an
evolution of magnetism in reduced graphene oxide.**® The
paramagnetic centers in graphene oxide and reduced graphene
oxide can be easily studied employing the ESR technique.
A recent ESR study confirmed the formation of defect states
in graphene oxide and its reduced form during the synthesis.*’
The shape of the ESR spectrum and the g-value then provide
valuable information on the paramagnetic electrons and their
interactions with the surrounding states.

A strong room-temperature FM ordering was observed for
reduced graphene oxide prepared by high-temperature annealing
of weakly oxidized graphene oxide in an Ar atmosphere.*®” The
intrinsic nature of the witnessed ferromagnetism was confirmed by
hysteresis in magnetoresistance. Graphene can exhibit both
positive®>® and negative®***®> magnetoresistance. The chiral nature
of electrons in graphene is then believed to be responsible for a weak
antilocalization manifested by a positive magnetoresistance.”® The
random resistor network caused by the inhomogeneous distribution
of charged impurities was also suggested to produce a positive
magnetoresistance.*®* In contrast, the formation of cyclotron
orbits and delocalization effect under the influence of a mag-
netic field are then responsible for a negative magnetoresistance
in graphene.*”™*%* Fig. 106 and its inset display the temperature
dependence of magnetoresistance and resistance, respectively,
in weakly oxidized graphene oxide. Non-magnetic graphene does
not show any hysteresis loop in either positive or negative
magnetoresistance. The spin-dependent scattering of FM defects
then causes the hysteresis of negative magnetoresistance.

Diamantopoulou et al.*®® studied the emergence of magnet-
ism in graphene oxide and its alteration upon chemical reduction
by sodium borohydride. Contrary to other experimental works,
paramagnetic behavior with a saturation magnetization of
~1.2 emu g ' and weak AFM interactions were observed for
pristine graphene oxide sheets. By employing the ESR technique,
the presence of spatially isolated magnetic clusters carrying high
spin moments (up to S = 2) was detected besides expected spin-
half paramagnetic defect centers. If reduced, the saturation
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Fig. 105 Magnetization vs. field measurements for (a) reduced graphene
oxide at 5 and 300 K and (b) reduced graphene oxide annealed at various
temperatures (200-800 °C). Reprinted with permission from ref. 450.
Copyright 2013 The Royal Society of Chemistry.

magnetization of the system dropped to ~0.17 emu g~ ' with
enhancement of a diamagnetic contribution, implying a dramatic
elimination of paramagnetic centers and growth of sp> domains.
From analysis of the ESR spectrum, two distinct spin systems
were identified in chemically reduced graphene oxide, i.e., loca-
lized m-defect states coupled strongly with the itinerant spins
occurring within the formed sp> cluster and edge/vacancy defect
spins, attributed to the persistent structural inhomogeneity in
reduced graphene oxide after chemical reduction.*®®

Recently, room-temperature ferromagnetism was detected
in reduced graphene oxide doped with nitrogen; such a system
was prepared by direct reduction of graphene oxide in N,
plasma at room temperature. The induced FM behavior was
attributed to pyrrolic nitrogen bonding configurations; at low
temperatures, pyrrolic nitrogen is predicted to be more stable
than pyridinic and graphitic nitrogen.”®* Increased magnetiza-
tion was found for reduced graphene oxide with increased
doping with nitrogen; here, the N-doped reduced graphene
samples were synthesized by annealing reduced graphene oxide,
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Fig. 106 Temperature dependence of magnetoresistance (MR) for
weakly oxidized graphene oxide. The inset shows the temperature depen-
dence of resistance (R) of weakly oxidized graphene oxide. Reprinted with
permission from ref. 452. Copyright 2014 Elsevier Ltd.

pre-prepared by annealing graphene oxide in an Ar atmosphere
at 700 °C for 1 h, in NH; at various temperatures (in the interval
from 400 to 900 °C) for 1 h.*®> However, no clear scenario
explaining an increase in the magnetization with increasing
nitrogen content was suggested due to a complex interplay
between pyridinic, pyrrolic, and graphitic nitrogen.*®*

The possibility of imprinting magnetism into graphene by
covalent derivatization leading to graphene acid was recently
suggested by DFT calculations (see Fig. 107).%°®*” The theore-
tical study of the thermodynamic stabilities of surface carboxy-
lated graphenes, C,(COOH),, with x/y ratios of up to the
experimental value of 6.6 indicated, however, that most of the
local COOH arrangements will be thermodynamically accessible
with a small energy difference between them.®® This implied
that the topology of the carboxyl groups on the graphene surface
will be given by a statistical distribution. One shall, however,
notice that a statistical (random) distribution of the functional
groups across the surface would prevent the formation of FM
order. Therefore, experimental verification of the emergence of
magnetic order in graphene acid is highly vital.

7. Magnetic ordering in graphene-
based materials due to intercalation

Graphite intercalation compounds (GICs) have been extensively
studied for more than a century; the earliest publication dates
to 1840.%°**7° The advent of 2D materials has renewed interest
in this field; reports on the intercalation of various species such
as FeCls,”"™* Ca,*”® Ce,"”® and Li*”’ in few-layer graphene
(FLG) have offered a new route to synthesizing graphene-based
materials both for novel flexible displays and photovoltaics, as
the associated electronics require materials that are flexible,
optically transparent and electrically conductive, and for energy
storage, magnetic/spintronic and superconductive applications.
For the timely and comprehensive review of the recent progress
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(a) Model of carboxylated graphene sheet. (b) Theoretical density of states (DOS) of CgCOOH showing spin-polarized midgap states. The

electron density associated with the spin-up channel of midgap states is shown in the inset. Reprinted with permission from ref. 467. Copyright 2017

American Chemical Society.

on intercalation methods, as well as tailored properties and
potential applications offered by intercalation, the reader is
referred to the work by Wan et al.*”®

The magnetic properties of FeCl; GICs have received signifi-
cant attention in the last five decades mainly because they provide
a model system for studying the magnetic phase transition of a 2D
spin system.*”® Ab initio numerical simulations employing the
Hubbard parameter (U), which reflects the strength of the on-site
Coulomb interaction, and the jJ-parameter, which adjusts
the strength of the exchange interaction, led to a theoretical

Fig. 108 GICs classified by the number of graphene layers between
adjacent intercalant layers: (a) stage-1 FeCls-based GICs; (b) stage-2
FeCls-based GICs. Reprinted with permission from ref. 480. Copyright
2013 Elsevier B.V.

This journal is © The Royal Society of Chemistry 2018

understanding of the structural, electronic, and magnetic prop-
erties in FeCl;-FLG.**" It was reported that stage-1 FeCl;-FLG
has an AFM ground state and stage-2 FeCl;-FLG exhibits FM
ordering at the ground state (see Fig. 108). At the same time,
the magnetic moments of FeCl; are expected to align ferro-
magnetically in the same intercalant layer.

More recently, Bointon et al*®*" via successful uniform
intercalation of large area (1 cm?) epitaxial FLG grown on
4H-SiC with FeCl; (see Fig. 109a and b) provided the evidence
for magnetic ordering in the 2D limit of graphene. Fig. 109c shows
the measured weak localization contribution to the magneto-
conductance at various temperatures, which allowed extraction
of the corresponding phase coherence length (L,; see Fig. 109d).
Large values of L, for T < 30 K, a temperature matching the 2D
magnetic correlations in the plane of FeCl;, and a saturation of L,
for T lower than ~4 K, a temperature corresponding to three-
dimensional (3D) AFM coupling between planes of FeCls, showed
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Fig. 109 (a) Intercalated FLG on 4H-SiC and (b) schematic crystal struc-
ture of trilayered stage-1 FeClz-FLG. (c) The measured weak localization
contribution to the magneto-conductance (scatter points) and theoretical
fits (solid line). (d) Temperature dependence of L, for pristine graphene
prepared by different methods. The values are compared to the estimated
values of FeClsz/FLG. Reprinted with permission from ref. 481. Copyright
2014 American Chemical Society.
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indeed that FeCl;-FLG is a good platform for studying magnetic
ordering in the extreme 2D limit of graphene.**!
Graphene-based FM heterostructures have been considered
as ideal candidates for a new class of tunnel magnetoresistance
(TMR) or giant magnetoresistance (GMR) devices. Cutting-edge
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Fig. 110 (a) Topography of the graphene/Ir(111) surface. The line profile
illustrates the difference between graphene/Ir(111) and graphene/Co/
Ir(111) Moiré corrugations. (b) Maps of the spin-resolved differential
tunneling conductance (d//dV map) of the same area with an out-of-
plane applied magnetic field of +1 T and —1T, respectively. Green symbols
represent magnetic orientation of the SP-STM tip and red symbols corre-
spond to magnetic orientation of the intercalation regions. (c) Hysteresis
loop obtained from large-scale spin-resolved d//dV maps presenting 33
intercalation regions. Reprinted with permission from ref. 482. Copyright
2013 American Physical Society.
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spin-polarized scanning tunneling microscopy (SP-STM) experi-
ments combined with state-of-the-art first-principles calcula-
tions revealed an extremely high magnetic anisotropy energy
for a cobalt-intercalated graphene/Ir(111) heterostructure (see
Fig. 110a) with an out-of-plane easy axis (see Fig. 110b).*%?
A series of spin-polarized dI/dV measurements of large surface
areas, containing 33 intercalation regions of different sizes and
various shapes acquired with a different out-of-plane magnetic
field in the order of 0T — —6.5T — +6.5T — —6.5 T and plotted
as the percentage of area among all intercalation regions which
were aligned in the +z direction vs. the applied field, showed a
hysteresis loop (see Fig. 110c).*®* This indicated that even an upper
field limit was not able to align 100% of the intercalation regions
and, thus, the actual coercive field was higher than the value of
~4.5 T inferred from the loop. Further, the graphene layer
presented a magnetic Moiré pattern with a high corrugation on
the underlying cobalt monolayer. First-principles calculations
showed that its origin lies in the variation of a site-dependent
magnetization of the graphene: at top sites, the graphene was
coupled ferromagnetically to the cobalt underneath, while it was
antiferromagnetically coupled at fcc and hep sites (see Fig. 111).*%?

More recent spin-polarized low-energy electron microscopy
(SPLEEM) experiments confirmed out-of-plane magnetization in
thin-enough films of cobalt intercalated at the graphene/Ir(111)
interface, while it is in-plane for thicker films."®* Magnetization was
purely out-of-plane for Co films thinner than 13 monolayers, while
it was purely in-plane for Co films thicker than 24 monolayers.
In the intermediate thickness range, magnetization exhibited a
canted state. Vectorial imaging of magnetic domains revealed
an unusually gradual thickness-dependent spin reorientation
transition, in which magnetization rotated from out-of-the-film
plane to the in-plane direction by less than 10° per cobalt
monolayer. During this transition, cobalt films exhibit a mean-
dering spin texture, characterized by a complex 3D, wavy
magnetization pattern with a short wavelength, in which mag-
netic domains with a uniform magnetization separated by
domain walls cannot be defined as the pattern resembles a
flux closure configuration in three dimensions (see Fig. 112).%%?

Clearly, graphene-based magnetic heterostructures thus
have the potential to open new prospects in nanomagnetism
and surface magnetism.

8. Magnetism in selected graphene
analogues and 2D materials

The recent progress in imprinting magnetism in otherwise non-
magnetic graphene has aroused significant attention in the
scientific community and prompted research on other 2D
layered materials, of which layered transition metal dichalco-
genides (TMDCs) are vital members."®" While graphene is
single atom thick, TMDC consists of transition metals in
between two layers of chalcogen atoms. TMDCs are described
by the formula MX,, where M is the transition metal (e.g,
Mo, W, Ti, Nb, Re, V, Zr, Ta, Hf, etc.) and X denotes the
chalcogen atom (e.g., S, Se, or Te). The layers in any TMDC

This journal is © The Royal Society of Chemistry 2018
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Fig. 111 (a) Topography of the Co-intercalated graphene/Ir(111) region. (b) Spin-asymmetry map of the region shown in panel (a). (c) Simulated surface
spin polarization map. Panels (b and c) define a magnetic Moiré pattern of the graphene—Co/Ir(111) intercalation region. Reprinted with permission from

ref. 482. Copyright 2013 American Physical Society.

Fig. 112 Three-dimensional representation of the magnetization vector
(arrows) in the case of 16 monolayers of graphene/Ir(111) intercalated Co.
Dark and light domains represent the out-of-plane component of the
magnetization vector. The magnetization vector is represented by colored
arrows (yellow when magnetization is out-of-plane, green when it is
in-plane) and smoothly rotates in all space directions in the form of waves
across the field of view, like a wheat field in the wind. Reprinted with
permission from ref. 483. Copyright 2016 Macmillan Publishers Limited.

are held tight by van der Waals interactions. Three crystallo-
graphic arrangements are recognized for such layered materials:
(i) semiconducting 2H (trigonal prism) form, (ii) metallic 1T
(octahedral) form, and (iii) semiconducting 3R (trigonal prism)
form.484_486

Various single- and few-layered TMDCs have been synthe-
sized and characterized so far.*®” They are frequently prepared
by exfoliation, chemical vapor deposition, or molecular beam
epitaxy techniques. There have been several reports on the
magnetism of TMDCs published so far in the literature.**%*9
The pristine bulk form of molybdenum disulfide (MoS,) shows
only diamagnetism. Moreover, ESR studies on inorganic fullerene-
like MoS, nanoparticles*®* confirmed the presence of a large
density of dangling bonds carrying unpaired electrons that
signifies a more defective nature than that of its bulk form.
Like highly oriented pyrolitic graphite, MoS, exhibited room-
temperature FIM order upon exposure to a 2 MeV proton beam
with a Curie temperature of 895 K (see Fig. 113)."®> Proton
irradiation can induce defects such as atomic vacancies, dis-
placements, and saturation of a vacancy by the implanted
protons which are all regarded as a possible source of the

This journal is © The Royal Society of Chemistry 2018

high-temperature magnetism. Recently, intriguing physical
properties were theoretically proposed for the 1T’ phase of
MoS,.**® In particular, it was found that the 1T’ phase of MoS,,
semi-metallic in nature, can host lattice imperfections more
readily than its 2H phase; they preferentially form at the S atom
closer to the Mo atomic plane. Local magnetic moments are
then induced by the Mo adatoms and Mo antisites. In contrast,
S vacancies, S adatoms, and Mo vacancies do not cause emer-
gence of any spin polarization.**®

The room-temperature ferromagnetism in MoS, has been
mainly attributed to edge states, vacancies, vacancy clusters,
and reconstruction of the lattices. Edge-oriented MoS,
nanosheet-like films were shown to exhibit room-temperature
ferromagnetism due to the presence of a high density of
prismatic edges containing unsaturated Mo and S atoms.*®”
Similarly, magnetization measurements on MoS, nanosheets
of different sizes prepared by exfoliation of bulk MoS, in
dimethylformamide solution revealed room-temperature ferro-
magnetism (see Fig. 114)."°® The X-ray photoelectron spectro-
scopy, TEM, and ESR results suggested that the origin of such
FM order is related to the presence of edge spins on the edges
of the nanosheets. Field-cooled (FC) and zero-field-cooled (ZFC)
magnetization (see Fig. 114d) diverged from about 300 K. Such
divergence of ZFC and FC magnetization curves is expected in
magnetically frustrated systems (e.g., spin glasses) where FM
and AFM domains are randomly distributed. The nanosheets are
non-magnetic beyond a certain thickness.**® First-principles
calculations on MoS, clusters showed a magnetic ordering
arising due to the unsaturated metal center with partially filled d
orbitals.’® Besides, the FM response was detected in MoS, partly
due to the presence of zigzag edges in the magnetic ground
state.’®* Similar to GNRs, magnetic edge states were theoretically
identified in MoS,.>%* It was claimed that the magnetic ordering
can evolve only due to the presence of sulfur-terminated edges
resulting from splitting of metallic edge states at Er. Moreover,
first-principles calculations®® predicted spin-polarized states
in zigzag MoS, nanoribbons and spin-unpolarized ground
states in armchair MoS,. FM and metallic nature of zigzag-
edged MoS, nanoribbons is independent of their width and
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Fig. 113 Magnetization vs. magnetic field (M vs. H) curves (a) at 300 K and

(b) at 10 K for an untreated and irradiated MoS.. (c) Zero-field-cooled (ZFC)

and field-cooled (FC) magnetization vs. temperature measurements in an

applied field of 500 Oe for an irradiated MoS; at 5 x 108 ions cm™2. The

inset shows the inverse of the estimated magnetic susceptibility vs.

temperature plot near the Curie temperature (900-950 K). The estimated

value of the Curie temperature is 895 K. Reprinted with permission from
ref. 495. Copyright 2012 American Institute of Physics.

thickness, while the armchair nanoribbons are non-magnetic
with a semiconducting behavior.

The possibility of imprinting FM behavior, sustainable at
room temperature, by adsorption of light elements (i.e., H, F,
and Li) and exposed to strain was theoretically explored for
MoS, monolayers.>** Besides shifting Ep of MoS, in the con-
duction or valence band (depending on the charge polarity of
the adsorbed atom), no induction of magnetic moments was
found for adsorption at the S site. However, when the strain was
applied increasing the density of states at Er, magnetic moments
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emerged in MoS, with H, F, and Li adsorbed. Moreover, it was
suggested that the FM state is more energetically stable than the
AFM regime. Importantly, half-metallic ferromagnetism was
found to emerge for the MoS, monolayers with H and F atoms
adsorbed on their surfaces.>**

Analogous to MoS,, tungsten disulfide (WS,) is non-magnetic
in the bulk form. More recently, structural and magnetic proper-
ties of MoS, and WS, exfoliated using various alkali metal
intercalating compounds such as butyllithium and sodium
naphthalenide were thoroughly analyzed.>®* It has been shown
that effective exfoliation, leading to the formation of a single
layer of TMDCs by using sodium naphthalenide, and a corres-
ponding phase transition from semiconducting 2H to metallic
1T polymorph along with the formation of defects on the
edges of TMDC sheets resulted in the development of a room-
temperature FM phase (see Fig. 115).>° This effect was observed
neither in bulk TMDCs nor in the butyllithium exfoliated samples.
The latter exhibited a considerably lower degree of exfoliation
and, accordingly, a lower concentration of defects on the edges
of individual sheets as compared with sodium naphthalenide
exfoliated materials, which further highlighted the role of struc-
tural disorder on the sheet edges in the conductive metallic phase
of TMDCs for the room-temperature ferromagnetism.

Mao et al.’*® measured the saturation magnetization of WS,
reaching a value of about 0.004 emu g~ at 10 K. The corres-
ponding magnetization vs. magnetic field plots of bulk and
nanosheets at various temperatures are shown in Fig. 116.>%°
The Curie temperature of WS, nanosheets estimated from the
ZFC/FC plots, shown in Fig. 116c, is found to be ~330 K.>* Like
graphene, the zigzag edges contribute to the ferromagnetism
of WS, layers. In addition, the impurities can also trigger FM
behavior in WS,. DFT calculations show that doping of V, Nb,
and Ta in WS, is preferred when WS, is rich in S instead of W.
The doping causes a coupling between the dopant’s unpaired
d orbital and the nearest neighbors of W 5d and S 3p states,
thereby inducing ferromagnetism. This signifies that the
magnetic properties of such materials could be tuned using
metal dopants.”®” First-principles theoretical computations for
monolayered WS, nanoribbons suggest that zigzag edges are
responsible for FM metallic behavior.’®” The magnetic moments
reside at the W and S edge atoms. The magnetic ordering can
be varied by changing the width of zigzag WS, nanoribbons.>””
In contrast, armchair WS, nanoribbons show a semiconducting
behavior similar to their MoS, counterparts.

Recently, vanadium disulfide (VS,) attracted significant atten-
tion due to the 3d" electronic configuration of quadrivalent
vanadium and strong electron coupling manifested, among
others, by collective electronic behaviors including charge density
wave order. More importantly, existence of intrinsic magnetic
ordering was theoretically proposed to occur in VS, when the
magnetic coupling can be readily tuned by a strain. The room-
temperature FM ordering in VS, can be stabilized by a few-layered
architecture;>®® if properly engineered, the van der Waals inter-
actions were identified to play a crucial role providing regulation
of spin properties and band gap in VS,. Specifically, enlarging
the van der Waals interactions was found to encourage a metal-

This journal is © The Royal Society of Chemistry 2018
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Fig. 114 (a) Room-temperature magnetization vs. magnetic field (M vs. H) curves for MoS; pristine powders and the exfoliated nanosheets (sonicated in
dimethylformamide for 10 h). The exfoliated MoS, nanosheets show the FM signal in the lower field region, in contrast to MoS, powders which show only
the diamagnetic signal. (b) M vs. H curves for MoS, nanosheets measured at 10 and 300 K. After deducting the diamagnetic signal, the saturation
magnetizations (Ms) are 0.0025 and 0.0011 emu g™ at 10 and 300 K, respectively, which are comparable to other dopant-free diluted magnetic
semiconductors. (c) Ms of MoS, nanosheets increases as the ultrasonic time increases, and then becomes invariable when the ultrasonic time exceeds
6 h. (d) ZFC and field-cooled FC magnetization curves for the exfoliated MoS, nanosheets sonicated in DMF for 10 h. FC and ZFC magnetization curves
diverge from about 300 K. Reprinted with permission from ref. 498. Copyright 2013 Springer.
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Fig. 115 Magnetization curves for MoS, and WS; at (a) T = 300 K and (b) at
T = 2 K (measured data are depicted by symbols, lines correspond to
theoretical calculations with S = 1) exfoliated by using butyllithium (BuLi)
and sodium naphthalenide (NAPH). Reprinted with permission from
ref. 505. Copyright 2016 The Royal Society of Chemistry.

to-semiconductor transition while compression of van der Waals
interactions was responsible for strengthening the metallic
behavior of VS, resulting from an increased overlap of chalcogens
between the neighboring layers. Thus, both charge and spin
degrees of freedom can be precisely tuned within the VS, lattice,

This journal is © The Royal Society of Chemistry 2018

which is viewed as highly promising for future generation of
spintronic devices.>*®

Although ReS, is an inorganic analogue of graphene
belonging to the TMDC family, it exhibits a unique distorted
orthogonal structure with an in-plane structural anisotropy.>®®
Re atoms in ReS, are dimerized due to the Peierls distortion to
form the zigzag chains. Thus, the layers in ReS, are decoupled
electronically and vibrationally, thereby reducing the layer-
dependent physical and chemical properties. ReS, behaves as a
diamagnetic semiconductor with a direct gap. If sulfur vacancies
are present, they stabilize non-magnetic semiconducting ground
states. In contrast, rhenium vacancies promote generation of
spin-polarized ground states with localized magnetic moments
ranging from 1 to 3 ug; however, the formation of a Re vacancy
needs much larger energy and is, thus, less likely to occur.>®
Moreover, the theoretical calculations suggest the formation of mid-
gap states due to fluorination of the Re chains.>'® AFM coupling
between Re chains and FM coupling within Re chains are observed
for the metallic mid-gap states, while the semiconducting mid-gap
states show no magnetic couplings. Recently, ReS, was also found to
possess FM behavior at its wrinkled regions.>"! In addition, adsorp-
tion of nitrogen and phosphorus atoms on the ReS, sheets was
found to generate spin-polarized defect states, leading to a half-
semiconducting behavior.>"
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temperatures with background correction, and (c) ZFC/FC magnetization
curves of WS, nanosheets. Reprinted with permission from ref. 506.
Copyright 2013 Springer.

Significant attention was also devoted to MoSe,-, WSe,-, and
ReSe,-type TMDCs with potential evolution of magnetically-
ordered regimes. In particular, room-temperature FM behavior
was observed for WSe, nanosheets; employing the MFM
technique, the magnetic regions were identified to be located
at the edges.”"® The existence of edge magnetic moments was
also confirmed by the theoretical calculations, originating from
unsaturated Se and W atoms at the edges. More specifically, FM
ground states were found to exist only in cases when the edges
are terminated fully or by 50% terminated by Se atoms.
Upon increasing the thickness of the WSe, nanosheets, FM
response was observed to decrease rapidly, disappearing at a
critical number of layers (i.e., 6 atomic layers).”™* Alternatively,
application-promising magnetic features can be tuned by
doping as proved for the MoSe, nanosheets.’’* The recent
theoretical study on doped MoSe, systems showed that if N
and F atoms are substituted (at a concentration of 3.12 at%) at
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the Se-sites (i.e., under Mo-rich conditions) to the MoSe, crystal
structure, an FM ground state is expected. More interestingly,
a half-metallic ferromagnetism appeared for the Cl-, Br-, and
I-doped MoSe, nanosheets. The origin of magnetism in such
atom-substituted systems was then explained in terms of the
p—d hybridization between the p orbitals of doped atoms and
the d orbitals of the neighboring three Mo atoms.>'* Similarly,
a room-temperature ferromagnetism was recently reported
for the Re-doped MoSe, systems stemming from ordering of
the next nearest-neighboring Re pairs.>'®> In the ReSe,-based
systems, the magnetic ground state can evolve due to a cationic
defect (i.e., Re vacancy), resulting in the reconstruction and orbital
hybridization between neighboring Se atoms; the magnetic
response can be significantly regulated by the external strain,
modifying the distribution of the spin polarization among
neighboring Se atoms.>'®

Monolayered metal dihalides, i.e., MX, where X = Cl, Br, I, are
regarded as a new class of 2D materials with crystal structures
closely resembling those of TMDCs; in metal dihalides, a layer
of transition metal atoms is sandwiched between two layers of
halogen atoms. In the family of metal halides, GaBiCl,, ZrBr,
and HfCl monolayered nanosheets were found to behave as
room-temperature quantum spin Hall insulators with large and
nontrivial band gaps.””*'® FM ordering was, for example,
observed for monolayered FeCl,>*® and Crl;,>*° the former
with a half-metallic feature and the latter with a remarkable
out-of-plane spin orientation. Very recently, an FM ground state
was reported for 2D FeCl,, FeBr,, Fel,, NiCl,, NiBr,, Nil,, CoCl,,
and BoBr, whereas an AFM ground state was identified for
VCl,, VBr,, VI,, CrCl,, CrBr,, Crl,, MnCl,, MnBr,, and MnlI,
nanosheets; the existence of different magnetic states in metal
halides was explained in terms of the competition between
AFM direct nearest-neighbor d-d exchange interactions and FM
exchange interactions mediated by the halogen p-states.**" In
addition, it was proposed that the values of the Curie tempera-
ture calculated for transition metal halides are comparable
to those of TMDCs due to a tight ionic bonding in halides,
significantly encouraging the superexchange interactions between
the magnetic metal ions via the halogen atoms.>*' Furthermore, a
half-metallic feature was predicted for a family of iron dihalides,
i.e., FeCl,, FeBr,, and Fel, (see Fig. 117a).>** They show a large
magnetic moment of 4 ug, originating from high-spin d® Fe**
octahedral coordination, and an easy magnetization plane
characterized by no energy requirement for rotation of the
magnetic moment within the plane of the 2D layer. In addition,
large half-metallic spin gaps were identified for iron dihalides,
ie, 6.4, 5.5, and 4.0 for FeCl,, FeBr,, and Fel,, respectively,
resulting from a quantum confinement effect. Such 2D materi-
als can then be used in a potential spintronic device illustrated
schematically in Fig. 117b;>** the hypothetical magnetic tunnel
junction is composed of a BN tunneling layer sandwiched
between two half-metallic contacts, one from FeCl, and the
other from FeBr,. Here, the magnetoresistance is maximized
by the 100% spin polarization of 2D FeCl,, FeBr,, and Fel,.
Moreover, such 2D half-metals can be used in Datta-Das
spintronic transistors or spin transistors with a high
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Fig. 117 (a) Top and side views of the crystal structure of 2D iron dihalides
(FeCl,, FeBry, and Fely). (b) Scheme of a hypothetical magnetic junction
based on 2D iron dihalides. The magnetization of the top layer can be
reoriented by an external magnetic field while the magnetization of the
bottom layer is pinned by a suitable substrate. The junction operates in
“"ON" and "OFF" states corresponding to parallel and antiparallel orienta-
tion of the layers, respectively. Reprinted with permission from ref. 522.
Copyright 2017 American Chemical Society.

transmissivity (promoted by spin-orbit coupling from an
appropriate insulating layer).”*?

Transition metal dinitrides are regarded as another class
of atomic-scale materials. MoN, is a typical example of
2D transition metal dinitrides; due to inability of Mo to saturate
all three 2p orbitals of N, a spontaneous magnetic moment is
believed to emerge at N sites.”*® 2D MoN, was proposed to
behave as a ferromagnet with a theoretically calculated Curie
temperature of 420 K. The advantage of MoN, over other
2D materials relies on the nature of magnetism originating
from electron-deficient N orbitals when no doping or structure
modification is needed to imprint magnetic features. Moreover,
MoN, can be turned to a half-metal once exposed to a tensile
stress. In contrast, YN, and 1T-TaN, are intrinsically half-metallic
with an FM ground state;’**>>* in 1T-TaN,, the magnetic moments
and half-metallic behavior are mainly ascribed to the p orbitals of
N instead of d orbitals of Ta atoms, which is believed to be
beneficial to overcome a problem with a short spin relaxation
time caused by a large spin coupling of transition metal atoms.>**
Other recently studied 2D half-metallic materials with a robust FM
ground state and high Curie temperature include, for example,
Fe,Si,”*® CogSeg,”*®
large magnetic anisotropic energy.’*

The half-metallic behavior was also theoretically suggested
to occur in free-standing 2D purely organic dimethylmethylene-
bridged triphenylamine (DTPA) porous sheets.’*® The structure
of a DTPA molecule closely resembles that of triangular zigzag-
edged GNF, when the central carbon atom is substituted with
a nitrogen atom; isolated DTPA molecule is magnetic and

and g-C4N;;*” moreover, Fe,Si shows a
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Fig. 118 (a) Structures and schematic diagrams of spin-resolved orbital
energy levels for a triangular zigzag-edged GNF and a DTPA molecule. (b)
Schematic diagrams showing exchange mechanisms for 2D sheets
composed of triangular GNFs and DTPA molecules. AFM/FM ground state
is favored by virtual hopping. In panels (a and b), the blue, green, and white
balls represent nitrogen, carbon, and hydrogen atoms. Reprinted with
permission from ref. 528. Copyright 2012 American Chemical Society.

carries a magnetic moment of 1 ug (see Fig. 118a). If 2D DTPA
molecules form a network, an FM ground state is favored
contrary to an AFM ground state for a 2D sheet composed of
GNF molecules (see Fig. 118b). Moreover, the band gap in the
semiconducting channel was estimated to be ~1 eV and half-
metallicity was found to be robust if the 2D DTPA porous sheet
was exposed to a strain with values well beyond those evoked by
a substrate.>”®

MXenes belong to another emerging family of 2D materials;
they include 2D-transition metal carbides, nitrides, and carbo-
nitrides and are described by the general formula M, X, Ty,
where M denotes a transition metal, X represents C and/or N, T
stands for O, OH and/or F, and n = 1, 2, or 3. Currently, the class
features more than 100 members, both theoretically predicted
and experimentally synthesized. Thus, it is highly expected to
achieve desired magnetic properties for MXenes upon suitable
combinations of the transition metal involved and surface
termination groups used. Among MXenes, Cr,N and Cr,C
monolayers were found to be very appealing as they
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intrinsically show the FM ground state and half-metallic
behavior.”®® However, their magnetic features can be dramati-
cally altered by surface terminating groups (i.e., F, OH, H, and
Cl), eventually losing their ferromagnetism and half-metallicity
and, instead, becoming AFM semiconductors.’*® Nearly half-
metallic ferromagnetism was proposed for Ti,C and Ti,N
monolayers;**' while Ti,C is supposed to undergo a phase
transition from a nearly half-metallic state to a half-metallic,
spin-gapless semiconducting, and metallic regime upon a
gradual increase in the biaxial strain, Ti,N retains its nearly
half-metallic properties irrespective of the biaxial strain
applied. On the other hand, V,C and V,N, showing AFM and
non-magnetic ground states, respectively, can be equipped with
large magnetic moments once exposed to the biaxial tensile
and compressive strains.>*' Recently, theoretical calculations
were used to comprehensively address the issue of magnetism
in nitride MXenes, particularly focusing on identification of
those representatives with intrinsic FM ground states that are
stable and robust enough with regard to the surface termina-
tions and thermal fluctuations at room temperature.”**> Due to
an additional electron from nitrogen, the FM phase is energe-
tically favored in nitride MXenes in line with the Stoner
criterion. In addition, the two oxidation states of the transition
metal atom can coexist in nitride MXenes promoting evolution
of the double exchange mechanism. More specifically, Mn,NF,,
Mn,NO,, MnN(OH),, Ti,NO,, and Cr,NO, were found to show a
robust FM ground state with a magnetic moment per formula
unit reaching up to 9 ug.>*> For these systems, the interlayer
and intralayer couplings are of FM nature and the Curie
temperatures lie in the interval from 566 to 1877 K. Moreover,
a half-metallic behavior was predicted for Mn,N MXenes with a
wide band gap for the minority spins for all three surface
terminations (i.e., F, O, and OH). In contrast, an AFM ground
state was calculated for Ti,NF,, Ti,N(OH),, V,NF,, V,NO,,
V,N(OH),, Cr,NF,, and Cr,N(OH), monolayers; for these sys-
tems, the interlayer interaction is of FM character while AFM
interactions are expected within one layer.”*> The stabilization
of either FM or AFM ground state in nitride MXenes can be
understood in terms of relative strengths of the superexchange
and double exchange interactions. From the theoretical analy-
sis, it can then be inferred that oxygen termination should be
considered in syntheses of nitride MXenes as it encourages a
robust FM ground state.”**> High magnetic moments (from 3 to
4 ug per unit cell) and high Curie temperatures (from 495 to
1133 K) were also predicted for Hf,MnC,0,, Hf,VC,0,, and
Ti,MnC,T, (with T = O, OH, and F) monolayers.*** Moreover, if
exposed to the tensile in-plane strains, these double-transition
metal MXene structures are expected to show semi-metal-to-
semiconductor and FM-to-AFM phase transitions.”*

Among graphene-related materials, hexagonal boron nitride
(h-BN) has also received significant attention, as the h-BN
polymorph, which is remarkably similar to graphene with the
alternating B and N atoms forming two-dimensional layers of
strong sp> bonds within a honeycomb arrangement, can be well
suited for integration with graphene as their lattice constant
mismatch is less than 2%.”**°%° Furthermore, h-BN shows
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enhanced chemical and thermal stability resulting from a bond
ionicity that can localize the electron states. There is, however,
an important difference, i.e., due to the chemically inequivalent
sublattices, h-BN is an insulator with a band gap of 6.0 ev.**®
Similar to graphene, h-BN can also form nanotubes, nanoribbons
and other similar structures.

Theoretical calculations predicted that several factors may give
rise to the magnetic state in h-BN systems, including defects in
the atomic network,”>* substrate-induced magnetism,>**>*!
and bare-edge localized states.>*> Many growth techniques yielded
few-layered h-BN.’*’ Recently, magnetization measurements
performed on few-layered h-BN nanosheets, exfoliated from
bulk by using a mechanical cleavage approach, revealed room-
temperature FM order with a Curie temperature above 400 K
(see Fig. 119),°>** in contrast to the pristine diamagnetic h-BN
system. Further, DFT calculations and spherical-aberration
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Fig. 119 (a) Magnetization vs. magnetic field (M vs. H) curves of few-
layered h-BN nanosheets for various temperatures in the range of
2-300 K from top to bottom. (b) Magnetization (M) after subtracting the
paramagnetic and diamagnetic signals as a function of magnetic field (H) at
a temperature of 10 and 300 K. The inset shows a smaller field region of the
hysteresis loop at T = 300 K, which exhibits a typical FM character. Reprinted
with permission from ref. 543. Copyright 2014 AIP Publishing LLC.
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Fig. 120 SACS-TEM images of h-BN showing (a) distorted pentagonal
rings and (b) zigzag edges. The scale bars are set to 1 nm. (c) Theoretical
h-BN nanoribbon and the corresponding spin-density distributions (red
and blue isosurfaces denote spin-up and spin-down, respectively), where
distorted pentagonal rings at the armchair edges and magnetic moment
localized mainly at the zigzag edges are visible. Boron and nitrogen atoms
are represented by yellow and green spheres, respectively. Reprinted with
permission from ref. 543. Copyright 2014 AIP Publishing LLC.

corrected transmission electron microscopy (SACS-TEM) revealed
a hexagonal-pentagonal ring transition at the armchair edges.
The distorted armchair edges carried relatively small magnetic
moments. The main FM contribution stemmed, however, from
the FM ordering at the N-zigzag edges, whereas B-zigzag edges
exhibited AFM coupling (see Fig. 120).**

It was theoretically proposed that the magnetic properties of
h-BN are independent of the N-vacancy defects.>*® The nearest
nitrogen atoms get the spin polarization by the B-vacancy
defects, thereby creating a magnetic moment of 0.87 up within

(a) (b)

Magnetic moment (v per defect)
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the muffin-tin radius. Only a weak spin polarization of about
0.1 ug evolves due to the B-adatom defects, while in the case
of the N-adatom defects, a larger magnetic moment of about
0.38 up is predicted to emerge. Furthermore, another set of
first-principles calculations were employed to understand the
effect of non-magnetic impurities on the magnetism of BN
sheets.”®® To do so, a rectangular supercell with cell dimen-
sions of 20.05 and 17.37 A was constructed (see Fig. 121a).*
Be, B, C, N, O, Al, and Si atoms were selected to replace B or
N atoms to change the density of states and spatial distribution
of defect states. Fig. 121b then shows the calculated magnetic
moments as a function of the nearest-neighbor distance (dp).>*
The partially filled defect bands produced finite magnetic
moments. Moreover, C and Ge atoms were found to preferen-
tially dope the B-sites than the N-sites; for the 3-fold doping
configurations, the spins were localized dominantly on the
Ge-p/d orbitals and C-p orbitals.”** In contrast, the 4-fold Cgy
and Gepy doping configurations did not cause evolution of
any magnetism due to sp>d and sp® type of hybridization.
Nevertheless, a spin filtering phenomenon was observed under
various bias voltages for h-BN systems doped with carbon at the
B- and N-sites and germanium at the B-sites.>** Spontaneous
magnetization can also be induced by adsorption of single
H atoms on the external surface of BN nanotubes. However,
adsorption of two H atoms on two neighboring N atoms or on
two neighboring B and N atoms results in no magnetic order-
ing. The magnetic moment can be induced if the two adsorbed
H atoms are attached to the two B atoms, which are separated.
The hydrogenated BN nanotubes exhibited zero magnetic
moment if an odd number (1 or 3) of H atoms were adsorbed
on a vacancy defect, while an even number of H-atom adsorp-
tions induced a finite magnetic moment.”*® This clearly illus-
trates the general criteria for the existence of magnetism due to
unpaired electrons. Such a magnetic behavior is very promising
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Fig. 121 (a) Rectangular supercell structure containing 64 primitive cells of BN sheets (dimensions: 20.05 and 17.37 A). (b) Magnetic moment of the
supercell as a function of the nearest-neighbor distance (dp). Reprinted with permission from ref. 538. Copyright 2007 American Physical Society.
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for realizing devices only when it could be tuned by application
of an external force.”*® The ground state magnetic moment
of the defects can be tailored by modifying the geometry by a
stress.”*” In this respect, it was shown that a triangular shape of
defects may create strong spin localization in the magnetic
state. The magnetic moment of these defect states and the N-N
distance are strongly related to each other.

Similar to the case of graphene, the magnetic properties of
h-BN predominantly vary upon functionalization. A suitable
surface functionalization may result in h-BN becoming
FM, AFM or magnetically degenerate.”*® As h-BN is heteroa-
tomic in nature, doping can generate anisotropic structures
with interesting electronic and magnetic features. Hydrogena-
tion and fluorination in h-BN are endothermic and exothermic
processes, respectively. The band gap of h-BN sheet can vary
from 4.7 to 0.6 eV depending upon the degree of hydrogenation
while graphene undergoes a metal-to-insulator transition when
it is fully hydrogenated. Theoretical calculations®*” showed that
a spontaneous magnetization is induced upon chemisorption
of F atoms on the B atoms in an h-BN nanotube. The evolved
magnetic ordering can disappear if both B and N atoms
are equally fluorinated. Similarly, fluorination was predicted
to promote room-temperature ferromagnetism with a half-
metallic feature for h-BN single layers; the partially filled bands
were proposed to develop due to the large number of holes.”*®
Experimentally, after exfoliation, h-BN nanosheets can be
readily fluorinated with ammonium fluoride (NH,F); such
fluorinated h-BN single layers were observed to show FM
behavior up to the deduced Curie temperature of ~580 K.>*°
From the theoretical calculations, it also turned out that the
magnetic moments evolved from the spin polarization of F and
three N atoms sitting nearest to the sp>-hybridized B atom
underlying the F atom.>*°

Finally, very recent computational discovery of new 2D materials
with a high Néel temperature®® and Curie temperature®*>* must
be mentioned. The former includes Cr,CFCl, Cr,CCIBr, Cr,CHCI,
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Fig. 122 Specific heat (Cy) vs. temperature plot simulated for Cr,CFCL
The background figure displays spin-polarized charge densities, where

spin-up (-down) densities are shown in yellow (cyan). Reprinted with
permission from ref. 550. Copyright 2016 The Royal Society of Chemistry.
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Fig. 123 (a and b) Theoretical spin-polarized charge densities of Mn,CF,,
where spin-up (-down) densities are shown in red (green). (c) Specific heat
(Cy) vs. temperature plot simulated for Mn,CF, with the Curie temperature
(Tc) indicated. Reprinted with permission from ref. 551. Copyright 2016
The Royal Society of Chemistry. (d) Average magnetic moment (red) and
Cy (blue) vs. temperature plot calculated for a monolayer of NiCls.
Isosurfaces of spin-polarized charge densities are depicted in the insets.
Reprinted with permission from ref. 552. Copyright 2017 The Royal Society
of Chemistry.

Cr,CHF, and Cr,CFOH for which a Néel temperature reaching
400 K has been predicted (see Fig. 122).>*° The latter includes
Mn,CF, with a Curie temperature of 520 K (see Fig. 123a—c)*>*"

and NiCl; with a Curie temperature of ~400 K (see Fig. 123d).>*>

9. Magnetic impurities in graphene-
based systems and methods of
deconvolution of individual
contributions to the magnetic
response

The magnetism of carbon-based materials containing only
s- and p-electrons is very intriguing and a much debated topic
in the literature. Here, it should be stressed that the observed
magnitude of magnetization is comparable to that of the back-
ground. Thus, it is very important that the measurement process
is accurate and free of errors. Several errors can often happen
during data collection in the measurement. Briefly, we present a
few important issues that are constantly faced by experimentalists
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during the data collection process and should be taken into
consideration for accurate measurements/interpretations.

Magnetic impurities like Fe, Co, Ni, and Mn (i.e., 3d-block
elements) are the main hindrances that ignite doubts when
dealing with magnetism of low-magnetic-moment materials.
Even traces of materials with such high magnetization can
contribute equally and can lead to wrong conclusions. For
example, 1 ng of Fe impurity in the matrix can produce a magnetic
moment of ~0.22 pemu.>*® Thus, one should very accurately
measure the impurity concentration to avoid misleading results.
The measured magnetization of a material is the sum of all the
contributions that arise from the sample itself, sample holder,
and any other cavity that are used to mount the samples.
Usually, the sample holders (Teflon wraps, straws, cavities,
etc.) exhibit a diamagnetic response, which should be sub-
tracted from the final measured value.>®* Because the magne-
tization of such low-magnetic-moment materials is comparable
to that of the background, a careful treatment of such data is
essential to understand the origin of magnetism. Sometimes, it
can be surprising to see that a negative moment becomes
positive after the background subtraction. For a better repre-
sentation of magnetic susceptibility vs. temperature data, one
can simply plot the difference of ZFC and FC magnetization
curves against temperature. This will clearly remove the back-
ground and any common errors of the measurement.’>*>>
Another typical source of error comes from the Teflon tapes
used to wrap powder samples for recording the magnetic data.
Although Teflon tapes are diamagnetic in nature, they can
induce an FM signal when tempered. Any tempering in the
form of mechanical stretching, cutting or heating can change
the true magnetic nature by creating dangling bonds.”**
In turn, these dangling bonds can interact with the neighboring
carbon atoms to produce a defect-mediated magnetic order
that is comparable to that of the primary material under
consideration. Although the sensitivity of the superconducting
quantum interference device (SQUID)-type magnetometer is
very high, the errors due to instrumental artifacts can never be
ignored. The common instrumental artifacts come from sensors
and the sequence used for measuring the data. Synchronization
between the data collection process and temperature or field
ramp is necessary to avoid any unusual spikes/transitions.
Fig. 124a shows the effect of different heating rates on the ZFC
magnetization plots. A noticeable hump can be seen when the
heating rate is changed. Fig. 124b shows the change in the
profile of the plot when magnetization data are collected with
transitions in heating rates. Subsequently, this effect is then
clearly manifested in the magnetization vs. temperature plots,
which could lead to misguided results. However, if the transition
and data collection rates are in sync, one can easily avoid such
instrumental errors.

Inductively coupled plasma mass spectrometry (ICP-MS) is
very efficient in detecting metals and several non-metals at very
low concentrations (parts per quadrillion, ppq). The ICP-MS
technique is very popular due to its high precision, fast speed,
and sensitivity. X-ray magnetic circular dichroism (XMCD) and
X-ray absorption spectroscopy (XAS) are useful in determining
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Fig. 124 (a) Effect of heating rate on ZFC magnetization data. (b) Effect of
transitions in heating rate on the magnetic moment of the material.

the presence of d-shell elements and their contribution as
impurities in graphene-based systems. However, the requirement
of synchrotron radiation and a cryomagnetic environment to
operate XMCD makes the technique disadvantageous for routine
studies of d-shell impurities. The ESR technique is widely used
to measure the presence of unpaired electrons and their inter-
actions with the surroundings. The presence of FM centers would
have a different nature of ESR patterns and g-value in comparison
to those characteristic of conduction/paramagnetic centers. X-ray
powder diffraction (XRD) is very useful and sensitive in sensing a
small wt% of magnetic impurities.

There have been many reports on simultaneous occurrence
of ferromagnetism, antiferromagnetism, paramagnetism, and
diamagnetism in graphene and its derivatives. In the absence
of any magnetic impurities, the important factors that would
decide the magnetic state of a material include the density of
states, defect states, temperature, external fields, and possible
interactions within the system. The delocalized n-electrons due
to sp” hybridization in graphene can trigger many interactions
between the guest and the host lattice. Moreover, magnetic
ordered states can be maintained by exchange interactions.
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In general, the magnetic susceptibility (y) of a system is basically
a mixture of all the forms of magnetic contributions, i.e.,

X = ’BG + Xdia + Xpara + JXFM/AFM)» (10)

where ypg corresponds to the contribution of the background,
Xdia is the diamagnetic response, ypara Stands for the para-
magnetic term, and ygpwm/arpm denotes the FM/AFM contribution
(for details, see Section 2). To understand the true nature of such
a mixed state, it is essential to separate various contributions to y
of the system. Swain et al.>***>® proposed a low field-high field
technique to deconvolute the mixed magnetic state. The basic
principle of the suggested procedure lies in the physics of
interaction between the states and the external field. The para-
magnetic (diamagnetic) susceptibility is directly (inversely) pro-
portional to the external field. The FM/AFM states do not show a
linear dependence to the field and rather exhibit hysteresis. The
diamagnetic background can be easily separated by measuring
the susceptibility in the absence of the material. After getting
rid of the background contribution, any further paramagnetic
(plus diamagnetic) contribution can be calculated from the slope
of the linear portion of the magnetization vs. field curve at high
fields. As FM materials saturate at high magnetic fields, the
presence of any saturation in magnetization can be seen once
both background and paramagnetic contributions are deducted
as shown in Fig. 125.°%® In addition, the FM/AFM states can be
noticed from low-field ZFC/FC magnetization measurements by
virtue of their transition temperatures.

The low-magneticcmoment materials usually show a very
high magnetization value at very low temperatures. The abrupt
increase in magnetization is mainly due to a strong internal
molecular field that boosts the collective magnetic order at low
temperatures (below 10 K). The internal molecular field at such
temperatures is at least 1000 times stronger than the applied
magnetic field.”>” Thus, the magnetic centers experience a
very strong effective field, thereby giving rise to a very high
magnetic moment.

0.30 M= MBG+MDia+Mpara+MFM
a M - MBG- Mpara
3 —M
0.15- ara
§ EG °
£ MH @ 5 K
= 0.00-
©
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Fig. 125 FM response deduced after subtraction of both diamagnetic and
paramagnetic contributions. Reprinted with permission from ref. 556.
Copyright 2014 AIP Publishing LLC.
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10. Conclusions, applications of
“magnetic” graphene in spintronics
and biomedicine and future challenges

The goal of the review was to systematically classify and
thoroughly describe the approaches used to imprint magnetic
behavior into intrinsically non-magnetic graphene. To do so,
several strategies must be adopted, all relying on the introduc-
tion of defects into graphene. In general, the defects, to some
extent, disturb the ideal structure of graphene, modifying its
electronic features, leading, among others, to an evolution of
magnetic moments that can interact with each other if a
suitable communication medium is provided and interaction
pathways are secured. The diverse theoretical studies identified
various ground magnetic states evolved depending on the
nature of the defects and how they can be altered upon doping,
functionalization, edge engineering, spatial confinement, and
external stimuli. A significant number of experimental works
confirmed the predictions from calculations synthesizing graphene-
based systems with magnetic ordering effectively resisting the
thermal fluctuations and preserving even up to room temperature.
The examples of room-temperature ferromagnets/antiferromagnets
include, in particular, functionalized graphenes where the
communication among the defect-induced localized magnetic
moments is suggested to result from a complex interplay
between interaction mechanisms of various natures. Sustainable
magnetism can also emerge in graphene analogues and other
classes of 2D materials such as transition metal dichalcogenides,
metal dihalides, metal dinitrides, MXenes, h-BN or 2D organic
porous sheets, implying that the concept of equipping magnetic
features to 2D materials by defects seems to be of universal
character for originally non-magnetic systems. However, false
interpretations on observed magnetic behavior may happen
in cases, when magnetic impurities (especially, 3d-block
elements) are present either from the synthesis itself or from
sample handling as they often overshadow the magnetic signal
from the carbon-based materials.

Several challenges still remain untouched. Most of them are
connected with experimental difficulties to synthesize
graphene-based systems with introduction of defects in a
controllable manner. Moreover, the issue of homogeneity of
distribution of defects within each sheet is still experimentally
unsolved and very hard to tackle as it needs a sophisticated
optimization of the synthetic protocols. Frequently, only a
certain portion of defect-modified graphene sheets in the
sample show a desired magnetic behavior in agreement with
the theoretical predictions. The defects may induce a large
number of configurations when some of them are magnetically-
active whereas others are non-magnetic. The energy differences
between magnetic and non-magnetic configurations can be, in
some cases, very tiny favoring stabilization of non-magnetic
states during the synthetic conditions used. Moreover, the
defects have different tendencies for localization in particular
sites in graphene (i.e., in the interior, close to the edges, at the
edges), resulting in potential commutation at preferred regions.

This journal is © The Royal Society of Chemistry 2018
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For adatoms, migration energy barriers should be carefully
considered, preventing their movement on the graphene surface
and grouping at positions hindering evolution of whatever
magnetic ordering. Another challenge involves experimental
engineering of size and edges in spatially confined graphene
representatives. Currently, there are only a few ways to cut
graphene into pieces with a proper edge structure and geometry,
most of them exploiting conditions of ultra-high vacuum and
microscopy-based techniques. Due to the high reactivity of
edges, post-process treatments are necessary to preserve the
edge structure, which can be chemically highly demanding.
Thus, for example, for GNRs, it is very hard to experimentally
reproduce the theoretical results in terms of altering the mag-
netic states by width, edge termination or doping. Another
option to imprint magnetic ordering into graphene, which has
not been synthetically explored, involves combination of defects
of various natures. For example, confined -carrier-doped
graphene sheets with an appropriate edge structure and surface
functionalization would show magnetic features that can be
sustainable up to room temperature. Here, it should be stressed
that for every strategy exploited, a threshold value exists when
the number of defects breaks the graphene structure or com-
pletely modifies its electronic features, precluding emergence of
magnetic states. Moreover, the sustainability of the magnetic
ordering against thermal fluctuations is closely related to the
strength of the interactions among the defect-induced magnetic
moments. Thus, competition/interplay among various types of
interactions (i.e., m-electron-mediated interactions, exchange
interactions, etc.) should be thoroughly engineered all positively
contributing to the stabilization of magnetic ordering up to
high temperatures. Alternatively, the magnetism in graphene
(or graphene derivatives) can be induced by the generation
of radical-like magnetic moments; here, a vast space for theore-
tical modeling and experimenting is, in particular, viewed in
evaluating the thermodynamic stability of radicals and their
motifs, identification of magnetically-active motifs, potential
arrangement (i.e., hierarchical organization) of radical motifs in
“magnetic superstructures” encouraging a long-range magnetic
ordering, and development of sophisticated synthetic protocols
providing engineering of the suitable structure(s) of motifs and
their homogeneous distribution within each single sheet of
graphene in the specimen. Tuning the magnetically-active motifs
and interaction pathways may then further lead to a stabilization
of the magnetic ordering with Curie and/or Néel temperature
above the room temperature, opening doors to new applications
of graphene. Equally important, strengthening the magnetic
anisotropy in graphene is an experimentally challenging task
requiring control over intrinsic and extrinsic sources of spin-
orbit coupling or introducing other types of coupling such an
exchange bias. In this respect, graphene analogues and other
2D materials can be regarded as equal competitors offering
much higher Curie/Néel temperatures and stronger magnetic
anisotropies, showing intrinsically without a need to introduce
defects; however, overwhelming majority of these rivals have
been only predicted theoretically and, nowadays, it is very hard
to anticipate the difficulties and problems associated with their
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synthesis in order to reproduce completely the theoretical
behaviors. Last but not least, from the practical viewpoint, a
fundamental challenge is viewed in connecting ‘“magnetic”
graphenes and other 2D materials to other functional compo-
nents in devices in a way not degrading or destroying the spin
transport and magnetic response.

Once graphene or its 2D analogues become magnetic, it can
be applied in branches requiring a sustainable magnetic
response of a material. Recently, “magnetic” graphene has been
suggested as a promising candidate in spintronic applications.
In general, spintronics exploits the spin degree of freedom of
electrons, thus developing the new technological concepts for
information storage and logic devices; in other words, its main
goals are to understand mechanisms behind the control of
spin configurations and spin currents and to design/discover
materials with suitable spin generation and transport features.
Spin-based information technology offers several advantages
over classical electronics such as high speed of data processing,
high circuit integration density, low-power operation, and recon-
figurable option. In order to both meet the criteria for ideal
spintronic materials on one hand and to find an optimal design
and fabrication procedure of a spintronic device on the other
hand, several challenges have been identified so far such as
generation of fully-polarized carriers and injection into spin
devices, long-distance spin propagation (and, hence, long spin
lifetime), and manipulation and detection of spin orientation of
the carriers. Regarding the materials appealing for spintronics, a
behavior intrinsic to half metals, spin-gapless semiconductors
and/or bipolar magnetic semiconductors is highly desirable. As
proved by a number of theoretical and experimental studies,
graphene and/or its 2D analogues can behave as a half metal,
spin-gapless semiconductor or bipolar magnetic semiconductor
depending on the structure modification/functionalization or
exposure to external stimuli or combination of both approaches.
In particular, in half metals, one spin channel is metallic while
the other spin channel is insulating or semiconducting (see
Fig. 126a).°° However, for preservation of half-metallicity at room
temperature, a high Curie temperature is not a sufficient pre-
requisite; in addition, a wide half-metallic gap is required to
avoid occurrence of thermally-agitated spin-flip transitions. In
graphene, a half-metallic property is often observed upon an
appropriate chemical modification; however, its stabilization
needs exclusion of non-local exchange interactions stemming
from impurities and improper (irregular) incorporation of for-
eign elements or sheet and edge functionalization. Equally
important, the occurrence of half-metallicity in graphene with-
out applying an external electric field or strain is highly unlikely.
For a spin-gapless semiconductor, the valence band maximum
and conduction band minimum touch each other exactly at Eg
and at least one of the valence band maximum and conduction
band minimum is fully spin-polarized (see Fig. 126b).*° In spin-
gapless semiconductors, excitation of an electron from the
valence band to the conduction band does not require any
threshold energy; more importantly, the excited carriers may
then show a full spin polarization. In graphene, for example, the
emergence of spin-gapless semiconducting behavior strongly
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Surface
l states

Fig. 126 Schematic band structure of (a) half metal, (b) spin-gapless
semiconductor, (c) bipolar magnetic semiconductor, and (d) topological
insulator, where k is the wave vector, E represents the energy, and Eg
denotes the Fermi level. In panel (c), Al, A2, and A3 correspond to the
spin—flip gap in the valence band, band gap, and spin—flip gap in the
conduction band, respectively. Reprinted with permission from ref. 60.
Copyright 2016 Oxford University Press on behalf of China Science
Publishing & Media Ltd.

depends on the dopant and vacancy sites and distances between
them, which could be hardly controlled during the synthesis.
Bipolar magnetic semiconductors, for which the valence band
maximum and conduction band minimum are completely
spin-polarized in the opposite spin direction (see Fig. 126¢),%°
offer fully spin-polarized currents with reversible spin polariza-
tion which can be readily controlled by applying a gate voltage.
However, such a feature was theoretically predicted for GNRs
with a special morphology and edge geometries that can be
hardly achieved by currently mastered experimental top-down
or bottom-up procedures. Currently, equipping graphene with
properties resembling those of topological insulators is regarded
as a challenging task. To imprint such a behavior when the
metallic surface states are symmetry-protected and the electrons
with spin-up and spin-down move in the opposite direction on
the 2D surface (see Fig. 126d),°° an appropriate functionalization
strategy of graphene should be identified theoretically and
verified experimentally.

Due to a long spin lifetime and spin diffusion length defined
by a weak spin-orbit coupling, graphene has been suggested to
effectively work as a spin conserver which can provide trans-
mission of the spin-encoded information across a device with
high fidelity. The theory predicts that the spin relaxation time
in graphene can reach ~1 ps; however, the values observed
for synthesized graphenes lie in the interval from tens of
picoseconds to units of nanoseconds. Such a difference
between the experimental and theoretical values of the spin
relaxation times is often explained in terms of the presence of
impurities, defects, and static ripples. Thus, introduction of
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defects to raise magnetism in graphene should not significantly
alter the spin relaxation time towards lower values as it could
then ruin an effective spin transport through the device.
Besides, materials involving only sp elements have been
predicted to show high magnitudes of spin-wave stiffness
and, hence, higher magnetic transition (Curie/Néel) tempera-
tures. However, to realize a robust magnetic ordering in
graphene-based systems, the existence and significant strength
of magnetic anisotropy are highly needed besides high values
of Curie/Néel temperature. For such systems, the spin-orbit
coupling is responsible for magnetic anisotropy. Adopting
a simple model, it can be inferred that for temperatures
sufficiently higher than the so-called crossover temperature,
Tx (~ 10 K), the spin correlation length, &, is inversely propor-
tional to the temperature, ie., ¢ oc T ', as a weak magnetic
anisotropy is not expected to play any role above Tx.*> Below
Tx, ¢ is supposed to increase exponentially upon lowering the
temperature. Thus, { & 1 nm at 300 K.** In order to increase Tx
and, hence, ¢ at room temperature, it is necessary to modify
appropriately the magnetic anisotropy. To do so, several
approaches have been suggested so far, most of them relying
on the introduction of foreign atoms with an intrinsically large
anisotropy into the graphene lattice, surface functionalization
with suitable adatoms and/or functional groups or deposition
on a substrate. Besides, the magnetic anisotropy of graphene
can be alternatively controlled by the Rashba effect and asso-
ciated Rashba coupling originating from the n-c hybridization.
Increasing the magnetic anisotropy in graphene is believed to
encourage its new role as a spin generator when combined with
transport currents. Moreover, the ‘“magnetic” graphene could
effectively work as a component in magnetoresistive junctions
used in the sensors of magnetic fields; a very high magnetor-
esistive ratio has already been reported for an architecture
composed of GNRs placed between the two FM contacts.
Apart from electronics and spintronics, a vast number of
experimental studies have proved graphene’s prominent appli-
cation potential in biomedicine. However, as graphene is hydro-
phobic, its surface must be functionalized with appropriate
functional groups in order to make it hydrophilic. Moreover,
surface functionalization significantly improves its colloidal
stability, another feature highly required for biomedical applica-
tions. Regarding the toxicity issues, GQDs have been identified
as low toxic graphene-based systems.” They currently work as
photoluminescence agents for biomedical imaging; if equipped
with the paramagnetic centers, they could offer an option of dual
imaging, ie., in fluorescence and magnetic domain. Moreover,
it is speculated that due to a slightly different nature of spins in
sp-based systems (i.e., existence of pseudospin) compared to that
of the traditional d-block-element- or f-block-element-containing
magnetic materials, the spin-lattice and spin-spin relaxation
may provide interesting contrast properties in T;- or T,-weighted
magnetic resonance images. Moreover, once spatially confined,
the magnetic moment of graphene is believed to show magnetic
phenomena activated by external stimuli including temperature,
light, and external magnetic field; such magnetic features would
be promising in designing graphene-based imaging agents.
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Besides, as graphene possesses a large surface area, if magnetic,
graphene or its derivatives can be further functionalized with
biomolecules and other compounds, thus serving as a platform
for active drug targeting. Experimentally, size, morphology,
functionalization, long-term toxicity, repeatability, and yield
aspects are currently considered as highly challenging with
a potentially long journey to achieve biomedically-appealing
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“magnetic” graphenes in the near future.

Abbreviations

AC-HRTEM Aberration corrected high resolution
transmission electron microscopy

AFM Antiferromagnetic

CVD Chemical vapor deposition

DFT Density functional theory

DTPA Dimethylmethylene-bridged triphenylamine

Eg Fermi level

ESR Electron spin resonance

FAG Fluoranthene group

FC Field-cooled

FIM Ferrimagnetic

FLG Few-layered graphite

FM Ferromagnetic

GGA Generalized gradient approximation

GIC Graphite intercalation compound

GMR Giant magnetoresistance

GNRs Graphene nanoribbons

GNFs Graphene nanoflakes

GQDs Graphene quantum dots

HAADF-STEM  High angle annular dark field scanning
transmission electron microscopy

HOMO Highest occupied molecular orbital

HOPG Highly oriented pyrolytic graphite

ICP-MS Inductively coupled plasma mass
spectrometry

LUMO Lowest unoccupied molecular orbital

MD Molecular dynamics

MFM Magnetic force microscopy

OVER 6-Oxoverdazyl

PDA Polydiacetylene

RKKY Ruderman-Kittel-Kasuya-Yosida

SACS-TEM Spherical-aberration corrected transmission
electron microscopy

SPLEEM Spin-polarized low-energy electron
microscopy

SP-STM Spin-polarized scanning tunneling
microscopy

SQUID Superconducting quantum interference device

STM Scanning tunneling microscopy

STS Scanning tunneling spectroscopy

SW Stone-Wales

TDAE Tetrakis-dimethylaminoethylene

TEM Transmission electron microscopy

TMDC Transition metal dichalcogenide
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T™MM Trimethylenemethane

TMR Tunnel magnetoresistance

TSW Thrower-Stone-Wales

VASP Vienna ab initio simulation package
XAS X-ray absorption spectroscopy
XMCD X-ray magnetic circular dichroism
XRD X-ray powder diffraction

ZFC Zero-field-cooled
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