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Graphene has become a popular subject in the scientific and layman community due to its amazing
physical properties and to the great expectations for applications. In this work we approach the
subject from the point of view of how it unifies disperse branches of physics. We combine the
historical developments that led to the success of graphene with a more technical description of its
beauties in various physical aspects.

I. INTRODUCTION

It is lighter than a feather, stronger than steel, yet incredibly flexible and more conductive than copper. It has
been hailed as the miracle material, its possible uses apparently almost endless. This is the head of an article named
“Graphene: A new miracle in the material world” that appeared in a UK news paper August 2013L. It is only an
example of the myriads of similar claims that can be seen in the written and virtual press since the Nobel Prize for
physics in 2010 was awarded for the synthesis of graphene. In this article we will examine some of these miracles
under a different point of view: How the material establishes a grand unification in the physics world.

All theories in physics are effective in the sense that they describe phenomena within a given range of energies (often
translated into masses, sizes or velocities). As such, we have classical mechanics explaining the motion of macroscopic
bodies (sizes much bigger than their Compton wavelengths, a condition encoded in the limit i — 0), moving at low
speeds (v << ¢). Quantum mechanics (small objects — & sizeable — with low speeds), relativistic mechanics (large
bodies with big velocities) or quantum field theory (QFT) (h sizeable and v ~ ¢). Systems with a large number of
particles can be described with statistical mechanics (classical or quantum but usually non relativistic) or many body
physics (condensed matter), a discipline that combines quantum mechanics with solid state and statistical concepts
in the non-relativistic limit. Systems of hot, relativistic, and many particles were located in the so—called plasma
physics and similarly complex phenomena occur in a traditionally difficult discipline: hydrodynamics.

The standard classification of branches in physics has been challenged in later times due to a conjunction of
fortunate circumstances: Important players are the extraordinary accuracy reached in experimentally driven areas
such as condensed matter physics where temperatures of nano-Kelvin (107K are now routinely achieved, and the
increasing complexity involved in high energy physics experiments as the heavy ions collisions in the Large Hadron
Collider (LHC). Simultaneously the reductionist approach that lead the scientific method in the past century has been

FIG. 1: (Color online) The graphene fusion.



FIG. 2: Left: The graphene allotropes: Graphene, graphite, carbon nanotubes and fullerene Cgo. Right: Artists impression
of the graphenes (C24) and fullerenes found in a Planetary Nebula. (Image courtesy of the National Optical Astronomy
Observatory, Tucson, USA.)

replaced by ideas of emergent degrees of freedom=.

Graphene is perhaps the material system where these changes are better exemplified. It is a monoatomic crystal of
carbon atoms sitting at the nodes of a Honeycomb lattice (see Fig. . As such, its properties should be found within
the solid state discipline. Yet, because of the combination of its two dimensional nature and the special geometry of the
lattice, its elementary excitations obey the Dirac equation. This is an intrinsically relativistic description belonging to
the world of elementary particles. Moreover the interacting system realizes a particular quantum field theory model
similar but not equal to quantum electrodynamics (QED). These special electronic properties are at the origin of
many proposed applications. Soon it was realized that its mechanical characteristics are even more exciting: The
graphene crystal is one of the hardest existing materials yet it presents corrugations and supports elastic deformations
typical of soft membranes. These properties are described with models coming from elasticity and even cosmology
(more later). Last but not least, graphene can be reasonably argued to be the simplest example of a topologically
non—trivial material precursor of the so—called topological insulators, Weyl semimetals and similar systems whose
physical responses involve concepts of algebraic topology, such as Chern numbers.

We will try to combine the historical developments that led to the success of graphene with a more technical
description of its beauties as relating different branches of physics and the interesting mathematical aspects involved.
We will also give some trustable references for the reader interested in applications and production. Although the
description and choice of topics presented in this article is a matter of personal taste, the bibliography will provide
the reader with a broader view on the subject. There are all kinds of reviews on graphene. Among the most popular
and informative from the early stages of the field are [4H7l The classical specialized early review is[§ and there is also
now a very good book?. For an updated account including applications see

II. SOME HISTORY

Carbon is the most interesting and versatile element in the periodic table and a fundamental constituent of life.
As it is known, the atom has six electrons, two internal ones tied to the nucleus, and four of them able to make links
to form structures. We learned in school that carbon appears in nature in two allotropes: diamond, the beautiful
crystal that uses all four valences to become a brilliant, hard insulator, and graphite that uses three valences to make
planar structures weakly attached to each other via Van der Waals forces. These two minerals were both very useful
in industry but, for some reason, they were seen as the beauty and the beast. Moreover it was thought that Diamonds
are forever. All this has changed now. First, more allotropes appeared in the nineties, the fullerenes: Carbon cages
with the structure of graphene with some hexagons (exactly 12 because of Euler’s theorem: Think why) replaced
by pentagons. These new structures were recognized with the Nobel Prize in Chemistry 1996. Interestingly, the
fullerenes were first identified in spectral lines in interstellar matter and they have been seen recently in astronomic
observations (See Fig. . With the same building blocks of graphene there appeared together with the fullerenes,
carbon nanotubes, cylindrical sheets of graphene of nanometer sizes that put the basis of the actual nanotechnology.
Finally, looking at the phase diagram of carbon as a function of pressure and temperature (see Fig. [3)), it can be seen
that diamond is metastable and eventually can decay into graphite (do not panic: The so—called activation energy
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FIG. 3: The phase diagram of natural carbon. One GPa (GigaPascal) is approximately 10.000 atm (the athmospheric pressure
is 1 atm) and room temperature ~ 20C is 293K (Kelvin). Graphite is the most stable form at room temperature and pressure.

which rules the transition is very high so the probability for the occurrence is very small). So, two dimensional
carbon based on a Honeycomb lattice was there in the mid nineties but the natural, planar structure was missing
until 2003. Why? Let first notice that, although fullerenes and nanotubes models can be constructed by cutting and
gluing graphene pieces, this is not the way they are synthesized. They form by evaporating graphite in certain special
conditions: The carbon ”gas” recombines into the new structures. Once they form they remain stable. This means
that the new allotropes are not "natural” but they exist as synthetic materials.

The way graphene was synthesized is different. It was obtained by successive exfoliation of graphite in a context
that it is worthwhile to know. At the time (beginning of 2000 decade) there was an urgent demand for increasing
miniaturization of electronic devices. In parallel there was the issue of “how thin a material can be”, more a scientific
curiosity. It was the even more academic question of the impossibility for a two dimensional crystal to exist at all due
to some theorems (Mermin-Wagner-Hohenberg-Coleman: No long-range order in two dimensions™™13)  Finally it was
the empirical evidence that, when trying to build two dimensional crystals either by adding atoms in hydrocarbon
molecules, or by using thin films, there was a critical number of atoms or layers below which the system collapses
and recombines into a three dimensional mess. In words of A. Geim, nature hates two dimensions. All this was a real
challenge for a curious scientist. Since the issue did not seem very promising as getting immediate or practical results,
Andre Geim decided to make it a “Friday evening experiment” for his Ph. D. student Kostya Novoselov . The idea of
these Friday evening experiments was: Here we are with this very expensive equipment and the impossibility to “play”
with it because the necessity to produce results to justify the budget necessarily involves more or less conservative
experiments with predictable outcomes. On Friday evenings, tired, having done all the week’s work, they close the
lab and probe interesting new ideas with uncertain results. It is paradoxical to note that A. Geim was already famous
by his Friday evenings experiments with the levitating frog that won him the Ig-Nobel price in 1990 shared with the
mathematical physicist M. Berry who worked out the theory of the levitron and, similarly, to the levitating frogl®. As
a last sociological remark lets mention that the final success to get a few layers graphite was accomplished by Kostya
by “searching into the garbage”. Metal surfaces are routinely cleaned (cleaved) by the simple procedure of sticking
a cello tape (scotch in the USA) into the surface and stripe it off. The tape is thrown to the garbage. Saving the
pieces adhered to the tape and repeating the procedure ended up with tiny portions of monolayers, bilayers etc. This
is one of the reasons why graphene was thought to be poor people’s subject: Any humble lab can get it this way. Of
course this is quite misleading. One thing is to have it — anybody writing with a pencil or burning paper has probably
produced some graphene — and an another matter is to be able to identify the micrometric sample, extract it, deposit
in an appropriate substrate, and make the contacts to measure its properties. All this requires a sophisticated lab
and a great deal of expertise. One of the reasons why the subject became so popular lies on the generous behavior
of the Manchester team who was willing to explain the procedure and give samples to their colleagues. The 2010
Nobel prize for physics awarded to Geim and Novoselov for the synthesis of graphene has been received with great
satisfaction by almost all the scientific community around it.



FIG. 4: Upper left: A. Geim receiving the Ignobel prize in Physics 1990. Upper right: A. Geim and K. Novoselov receiving
the Nobel prize in 2010. Down: Their more natural appearance.

III. SPECIAL FEATURES AS A CONDENSED MATTER SYSTEM

The construction of the free action in condensed matter physics proceeds in a very similar way as in QFT. The non
interacting hamiltonian is determined by the discrete (crystal) and internal symmetries of the system. The “band
theory” provides the dispersion relation of the material and the electronic properties for a given electron occupancy.
The low energy expansion of the dispersion relation arising in most of the usual crystal lattices in two and three
dimensions is of the type (k) = k%?/2m. This quadratic dispersion implies a finite density of states at the Fermi
surface that screens the Coulomb interactions and provides a very simple model of Fermi liquids, the Landau Fermi
liquid (LFL) theory!®. This standard model of metals is rooted on the existence of a finite, extended, Fermi surface
(line in 2D, point in 1D). The effective description is that of a free Fermi gas with an effective mass that absorbs all
the effects of interactions. The effective mass (directly related to the finite density of states at the Fermi level) is the
main parameter of the theory that enters in all the physical observablesid.

In what follows we will see that the special geometry of the Honeycomb lattice leads to a very different situation
where the Fermi surface is reduced to two points in k space and the quasiparticles obey a massless Dirac equation in
two space dimensions. Besides having a zero effective mass, the density of states at the Fermi level also vanishes, a
feature responsible for most of the novel electronic behavior of the material.

The carbon atom has four external 252, 2p? orbitals able to form molecular bonds. The crystal structure of graphene
consists of a planar honeycomb lattice of carbon atoms shown at the left hand side of Fig. [5] In the graphene structure
the in-plane o bonds are formed from 2s, 2p, and 2p,, orbitals hybridized in a sp? configuration, while the 2p, orbital,
perpendicular to the layer remains decoupled. The ¢ bonds give rigidity to the structure and the m bonds give rise
to the valence and conduction bands. The exotic electronic properties of graphene are based on the construction of
a model for the 7 electrons sitting at the positions of the Honeycomb lattice drawn by the o bonds. Alternatively,
the mechanical properties involve the ¢ bonds with characteristic energies of the order of 7-10 eV. The low energy
excitations around the Fermi energy will have characteristic energies ranging from a few meV up to 1 eV.
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FIG. 5: Left: The graphene lattice. All circles represent carbon atoms. The different colors represent geometrically non—
equivalent sites in the Honeycomb lattice (see text). Right: The dispersion relation.

Most of the crystal lattices discussed in text books are Bravais lattices. In two dimensions they can be generated
by moving an arbitrary lattice point along two defined vector lattices. This happens in the generalized square and
triangular lattices. It is easy to see that this is not the case of the hexagonal lattice. This lattice is very special: It
has the lowest coordination in two dimensions (three) and it has two atoms per unit cell. As it can be seen in the left
hand side of Fig. |5, the hexagonal lattice can be generated by moving two neighboring atoms along the two vectors
defining a triangular sublattice. This is the first distinctive characteristic responsible for the exotic properties of the
material.

The dispersion relation of the Honeycomb lattice based on a simple tight binding calculation is known from the early
works in the literaturé’?. We will not repeat here the derivation which is very clearly written in any graphene review
but will instead highlight the main properties. The first is that two atoms per unit cell implies a two dimensional
wave function to describe the electronic properties of the system. The entries of the wave function are attached to
the probability amplitude for the electron to be in sublattice A or B.

The nearest-neighbor tight binding approach reduces the problem to the diagonalization of the one-electron hamil-
tonian

H=—t Z a?'aj (1)

where the sum is over pairs of nearest neighbors atoms 4,j on the lattice and a;, a;r are the usual creation and
annihilation operators. The Bloch trial wave function has to be built as a superposition of the atomic orbitals from

the two atoms forming the primitive cell:
Vi(r) = Caga + Cpop. (2)

The eigenfunctions and eigenvalues of the hamiltonian are obtained from the equation

(Cosoms =) (G0) =m0 (E5) 8

where uj is a triad of vectors connecting an A atom with its B nearest neighbors, and vj the triad of their respective
opposites, a is the distance between carbon atoms and € is the 2p, energy level, taken as the origin of the energy. The
tight binding parameter ¢ estimated to be of the order of 3¢V in graphene sets the bandwidth (6eV) and is a measure
of the kinetic energy of the electrons. The eigenfunctions are determined by the the coefficients C'4 and Cp solutions
of equation . The eigenvalues of the equation give the energy levels whose dispersion relation is

Ek) = :tt\/l + 4 cos? ?akm + 4 cos ?akgE cos gaky ) (4)

A plot of the dispersion relation can be seen at the right hand side of Fig. The neutral system with one electron
per lattice site is at half filling. The Fermi surface consists of six Fermi points as can be seen in Fig. [5| (only two
are independent). This is the most important aspect of the system concerning its unusual properties. The existence
of a finite Fermi surface (a Fermi line in two dimensions) in metals is the heart of the Landau Fermi liquid standard



model. It implies a finite density of states and the screening of the Coulomb interaction. Moreover it allows the
construction of the Landau kinematics leading to the possibility of superconductivity and other collective excitations
in the otherwise free electron system'®. Having the Fermi surface reduced to two points invalidates in principle the
LFL construction and is at the basis of the anomalous behavior of the system to be discussed later.

A continuum model can be defined for the low energy excitations around any of the Fermi points, say K, by
expanding the dispersion relation around it. Writing k = K3 + dk in gives the low energy effective hamiltonian

3 0 Oky + 16k,
Ho~—5ta ( Sky — ik, 0 ) : (5)
The limit lim,_,g H/a defines the continuum hamiltonian

H = vpé.k, (6)

where o are the Pauli matrices and the parameter vg is the Fermi velocity of the electrons estimated to be vp ~
3ta/2 ~ ¢/300. Hence the low energy excitations of the system are massless, charged spinors in two spatial dimensions
moving at a speed vp. We must notice that the physical spin of the electrons have been neglected in the analysis, the
spinorial nature of the wave function has its origin in the sublattice degrees of freedom and is called pseudospin in
the graphene literature. The same expansion around the other Fermi point gives rise to a time reversed hamiltonian:
Mo = vp(—0gky + oyky). The degeneracy associated to the Fermi points (valleys in the semiconductor’s language) is
taken as a flavor. Together with the real spin the total degeneracy of the system is 4.

There are several experimental evidences of the Dirac physics in graphene. The first and most compelling appeared
in the two main works where graphene was introduced to the community!?2% and refer to the observation of an
anomalous pattern in the quantum Hall conductivity. The quantum Hall effect occurs when a homogeneous magnetic
field is applied perpendicular to a two dimensional electron gas. The response of the system to an external in—plane
electric field is a voltage difference in the direction perpendicular to the applied field. This transverse Hall current is
quantized in integer units of e?/h:

H H €
Ji=o;E; . 05 = v, V= 1,..N. (7)
In a regular two dimensional electron gas the energy levels of the system in a magnetic field (Landau levels) are equally
spaced and grow linearly with the field strength B: E,, = h%(n +1/2). Solving the Dirac equation in a perpendicular

magnetic field is an easy exercise that gives the energy spectrum E,, = vpy/2efiB|n|. This is what was observed in
the original references.

One of the most important aspects of graphene is the direct observation of quantum mechanical effects at room
temperature. Normally, the observation of quantum mechanical phenomena requires temperatures of a few degrees
above absolute zero. High—T, superconductors with quantum transition at around 150K are perhaps the main
exception. The quantum Hall effect is observed at room temperature in the clean, suspended graphene samples
mostly due to the perfection of the lattice and the high mobility of the electrons as it will be commented later.

IV. CONNECTION WITH HIGH ENERGY PHYSICS
A. Relativistic quantum mechanics

Quantum field theory (QFT) combines quantum relativistic phenomena in a fully consistent way, its main charac-
teristic is the ability to create particles from the vacuum. Previous attempts to introduce relativity in the quantum
mechanics formalism where the number of particles remains constant, the relativistic quantum mechanics, were plugged
with some inconsistencies or paradoxes. One of the classical examples is the Klein paradox?! according to which a rel-
ativistic quantum particle described by the Dirac equation can penetrate through a sufficiently high potential barrier
without exponential damping.

The chiral structure of the spectrum described above and the quantum mechanical nature of the condensed matter
system (as opposite to QFT), allows to test several predictions of the old relativistic quantum mechanics . In particular
electrons in the graphene system will tunnel with transmission probability one through a step barrier hit at normal
incidence. This realization of the Klein paradox?!*22l has been experimentally confirmed434% A similar phenomenon
is the so—called Zitterbewegung or fast trembling motion of the electrons in external fields?®28 whose experimental
signature has been proposed in?f. A particularly interesting phenomenon is the supercritical atomic collapse8:
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FIG. 6: Brane reduced QED: Only the charges are confined in the plane. Photons are exchanged in all three dimensions.

in graphene, a consequence of the large value of the “graphene fine structure constant” (see later). Another very
interesting phenomenon is the possible realization of the Schwinger mechanism®?, i. e. the production of charged
particle-antiparticle pairs driven by an external constant electric field3%32,

The former phenomena are not only curious realizations of relativistic quantum mechanics, they have profound
consequences on the experimental aspects of the material system most of them not observed before in condensed
matter. In particular the Klein paradox implies that impurities and other most common sources of disorder will not
scatter the electrons in graphene. The graphene system also evades the Anderson localization®3, a very important
result establishing that any amount of disorder in free electron systems in two space dimensions will localize the
electrons turning the system to an insulator. This gives rise to the high mobility at room temperature and the
excellent metallicity of the system. Zitterbewegung was suggested in? as an explanation for the observed minimal
conductivity of the samples?, one of the most interesting aspects of graphene whose origin remains uncertain.

B. Brane reduced QED

One of the big successes of theoretical physics in the 20th century was the construction of quantum field theory,
the ability to make sense of the (diverging) perturbative series and the perturbative calculation of parameters such
as the fine structure constant, agrp with incredible accuracy. Quantum electrodynamics (QED), the theory of the
electromagnetic interaction is its biggest exponent. The prize to pay for making sense of perturbative QFT is that
the physical parameters as the electron mass or charge are not constant but depend on the energy of the experiment
where they are probed. In particular the fine structure constant of QED, agrp measured to be 1/137 in experiments
done at energies of the order of the electron mass (about 0.5 MeV), is found to increase to 1/128 in experiments
in the Large Electron-Positron collider (LEP) that ran at CERN at energies of about 90 GeV (90 x 103 MeV). The
“running” of the coupling constants is a purely QFT phenomenon tightly linked to the bad definition of QFT and
with the infinities arising when computing physical quantities in perturbation theory.

We sure do not need QED at the table top as much as we appreciate low energy analogs of black holes or other
inaccessible objects? since QED is experimentally accessible. Nevertheless it is amazing that a solid state crystal
whose natural description belongs to many body quantum mechanics, obeys the rules of QFT up to its more intrinsic
aspects: renormalizability.

The Coulomb interactions between quasiparticles in graphene were analyzed in the early nineties®* when it was not
expected that the material would ever exist. This was the type of purely theoretical analysis, almost academic, done
for a completely different motivation: to find a so—called “non Fermi liquid behavior” in (2+1) dimensions, something
interesting at the time in relation with the physics of high temperature superconductors. These works had always the
sentence assume that we have a single layer of graphite.

Once we realize that the free system is described by the massless Dirac equation in two space dimensions and
that the Coulomb interaction is not screened it is tempting to think that the behavior of the interacting system
is that of planar QED(2+41). However there is an important difference: In QED(2+1) all the fields, including the
electromagnetic potential A, are defined in two space dimensions and vector fields in QFT have a 1/ k2 propagator
in any number of dimensions. In the case of graphene, only the charges are confined into the plane, the photons
propagate in (341) dimensions with the standard propagator (Fig. [6]). Integrating over the dimension perpendicular
to the plane one gets an effective gauge propagator behaving as 1/k what changes drastically the structure of the
interacting theory. The graphene Lagrangian is

L= /d2$ dt W’Y“aulll‘i‘ejuAu] ) (8)

where A, is the gauge potential ;= 0, 1, 2 with the effective 1/k propagator, and the electronic current in our case



Ap = -93 kPa

FIG. 7: Left: Graphene is the strongest material ever measured (artistic). Right: A graphene balloom from Ref. [38]

is defined as
. —_ VF = ;
J* = (00, = Uy (9)

where vp is the Fermi velocity, an important parameter that can be extracted from the experiments and that should
be the speed of light, ¢, if the system were Lorentz invariant.

A standard QFT renormalization group analysis of the model was done in Ref. 34l and predicted that the Fermi
velocity would “run” to higher values when the energy decreases while the electron charge e (which is renormalized
in QED) remains constant. As a result, a decreases at low energies making perturbation theory more reliable just
as happens in QED. The theory is infrared stable. Amazingly the exotic prediction of vg growing at lower energies
has been experimentally confirmed first in Ref. [35] and later in several experimental reports. A comparison of the
experimental situation of graphene versus QED can be found in Ref. [36]

The dimensionless coupling constant equivalent to the fine structure constant of QED is ag = €?/4mvr. Since the
measured value of vp is approximately vp ~ ¢/300, the graphene fine structure constant is 300 bigger than aggp
s0 ag ~ 2. The perturbative analysis of this interaction done in Ref. [34 and in many following works (for a review
see Ref. [37)) is not justified a priori given the large value of the coupling but it works beautifully and its predictions
have been experimentally confirmed. As discussed in Sec. [V} this is, in my point of view, one of the fundamental
questions that remain open in graphene.

V. MORPHOLOGICAL ASPECTS

Among the “graphene superlatives”™ the morphological aspects occupy a place as important —if not more — than the
electronics: It is the thinnest material in the universe and the strongest ever measured. In its perfect crystalline form
it is so strong that “it would take an elephant, balanced on a pencil, to break through a sheet of graphene”™, Yet,
it supports elastic deformations of up to 10 percent (see Fig. . It is impermeable even to Helium and transparent
to light. These properties and the connection between lattice structure and electronic properties will be at the basis
of future applications. From the point of view of this article this relation provides two wonderful connections: Gauge
fields from elastic deformations, and cosmological models for curved graphene sheets.

A. Gauge fields from elastic deformations

One of the most interesting aspects of graphene is the tight relation between its structural and electronic properties
reviewed in Ref. 0. The observation of ripples in the graphene samples both free standing and on a substrate*l
has given rise to a very active investigation around the membrane-like properties of graphene and the origin of the
ripples remains as one of the most interesting open problems in the system. The modeling of curvature by gauge fields
in graphene was suggested in the early publications associated to topological defects needed to form the fullerene



FIG. 8: Cut-and-paste procedure to form the pentagonal defect. The points at the edges are connected by a link what induces
a frustration of the bipartite character of the lattice at the seam.

FIG. 9: A pentagon (heptagon) induces positive (negative) curvature in the hexagonal lattice.

structures??, The main idea was that the phase acquired by an electron circling a pentagonal defect is the same as
that arising when circling a solenoid with the appropriate magnetic flux in analogy with the Aharonov-Bohm effect.
The fictitious magnetic fields were also found by applying the tight binding method described in Sec. [[IT] to the
deformed latticé®3. A combination of tight binding and elasticity theory allows to deduce the effective Hamiltonian:

H = —ilvopd (ﬁ - M’) : (10)

where the vector potential associated to a given lattice deformation is written in terms of the strain tensor asi3:

Jo13 25t
" (Umc - Uyy) 7Ay = *Tuzy, (11)

A, =
where (§ is a parameter characteristic of the material, ¢ is the tight binding parameter, and a the lattice constant.
u;; = 1/2(0u; + Oju;) is the linearized strain tensor as a function of the atomic displacement u;.

This simple description has been very popular in the field and gave rise to the so—called “strain engineering”,
proposals to designing the appropriate strain to improve the performance of the samples. Again, graphene has
been kind enough to show the predicted behavior in an experiment: In Refs. 44J45] it was proposed that a trigonal
deformation of the sample along the three natural lattice vectors would give rise to a uniform elastic magnetic field
in the central region and Landau levels could form. The observation of the predicted Landau levels was reported in
Ref. [46] using Scanning Tunneling Spectroscopy (STM).

B. Relation with cosmology: QFT in curved space

One of the most intriguing properties of the suspended graphene samples is the observation of mesoscopic corru-
gations in both suspended*! and deposited on a substrate. Since the low energy excitations of graphene are well
described by the massless Dirac equation, a natural way to incorporate the effect of the observed corrugations at low
energies is to couple the Dirac equation to the given curved background. The main assumption of this approach is
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that the elastic properties of the samples —determined by the sigma bonds — are decoupled from the (pi) electron
dynamics. The ripples can then be modeled by a fixed metric space defined phenomenologically from the observed
corrugations and the electronic properties of the system will be found from the computation the Green’s function in
the curved space following the standard formalism set in gravitational physics*”. This approach was used in Ref. 48
to study the influence of the presence of defective rings — often called topological defects — on the electronic density
of states and is described in detail in the review article Ref. [40L

What was interesting in the original reference®® was the choice of the metric taken from a work on cosmic strings.
The dynamics of a massless Dirac spinor in a curved spacetime is governed by the modified Dirac equation:

" (r)Vup =0 (12)

The curved space v matrices depend on the point of the space and can be computed from the anticommutation
relations {v*(r),v"(r)} = 2¢"¥(r).The covariant derivative operator is defined as V,, = 9, —,,, where ,, is the spin
connection of the spinor field that can be calculated using the tetrad formalism. Once the metric of the curved space
is known there is a standard procedure to get the geometric factors that enter into the Dirac equation.

Pentagonal or N-gons with N < 6 (> 6) in graphene induce negative (positive) curvature to the sheet (see Fig. [9).
In fact this is the only way to generate curvature in two dimensional lattices. This type of defects is very common in
graphite and constitute the building blocks of the fullerenes. They have been observed in defective graphene samples.
Since they break badly the lattice structure (see Fig. , the standard tight binding—elasticity model is not easy to
implement. They are conical defects and the induced curvature is a delta function located at the position of the
apex. Conical singularities also exist in the structure of spacetime in the form of cosmic strings whose signature is a
doubling of far away objects. In[48| the metric of a set of parallel cosmic strings was taken to model the curvature of
the samples with an equal number of heptagons and pentagons located at arbitrary positions and the results obtained
for the density of states are compatible with the experimental observations. A very interesting inverse analogue:
Instead of using condensed matter systems to model cosmological objects, we use cosmology to model the effect of
topological defects in the graphene lattice on the electronic properties.

The curved QFT formalism was also used to model smooth curvature as the one attainable in the elasticity approach
and came with the prediction of a space-dependent Fermi velocity that was later obtained in the tight binding

formalism*?.

VI. DISCUSSION AND FUTURE

The field of production and applications is very active these days. I have not much to say about it. Only a warning
about the things that can be found in the net which very often contain gross exaggerations that will in the long term
be harmful to the field. It is important to distinguish what is unique in graphene (what A. Geim calls “graphene
superlatives”) and what is shared by other materials. This is explained with detail in A. Geim’s talk available in the
net: www.tntconf.org/2010/Presentaciones/TNT2010-Geim.pdf?. A good review of applications is Ref. [0l and the
web pages of the University of Manchester that are constantly updated. I recommend in the doubt to stick to articles
by the scientists originally working in the field.

Topological aspects have been left out of this work. Some of them can be examined in the review article®”.

After all that has been said about graphene and looking to the current articles it might seem that the fundamental
problems have already been solved and the future will be devoted to technological developments. Although there is
some excitement driven by the experimentalists associated with the building of other two-dimensional crystals and of
heterostructures combining the best of individual layers, I will restrict myself to the bare single layer graphene.

Here are two of what I consider open fundamental problems in graphene that rise important conceptual questions.
(Looking back to the physics of the 20th century perhaps these problems will remain open forever: Think of quark
confinement, quantization of gravity, origin of mass).

The first puzzling fact concerns interactions. Many of the experiments performed in the clean, suspended samples
can be explained using perturbation theory. Most of them even at the single particle level. Yet the estimated value
of the fine structure constant of graphene at the energies probed in the experiments if of order o ~ 2. The situation
with short range interactions is even worse, the value of the dimensionless Hubbard parameter is U/t ~ 3 —4. So why
is graphene behaving as a weak coupling material?

The second open question is the origin of the ripples observed in all samples. Although more experiments are
needed to ascertain the issue, it seems that the ripples are not thermally activated as they would be in a standard
membrane.

Under the experimental point of view, almost nothing is known on the thermodynamic properties of the material
what, being a two dimensional system, is also a theoretical challenge. We do not know the melting temperature of the
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crystal nor the mechanism of melting. Experimental progress has so far been limited by the small sizes of available
crystals but we expect this to change soon.
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