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La fisica de |la materia condensada

De los 4tomos ( 102 metros, 1 nanometro ) a los materiales macroscépicos
(escala humana, ~ 1 metro).

T

Matematicas
Ingenieria

The fundamental laws necessary for the
mathematical treatment of a large part of
physics and the whole of chemistry are thus
completely known, and the difficulty lies only
in the fact that application of these laws
leads to equations that are too complex to
be solved.
Paul Dirac (1929)
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Fisica de altas
energias

Fisica de la materia
condensada



‘La fisica de la materia condensada ‘

EL TRANSISTOR . i -
Las ecuaciones de Maxwell justifican la

financiacion de la investigacion basica por al
menos doscientos anos,
P. M. Etxenike, DIPC, San Sebastian.
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Materiales similares

Compuestos intercalares de grafito:

Planos de grafeno y planos metalicos.
Superconductores a baja temperatura.

Poliacetileno:
Cadena de atomos de carbono. |

Primer polimero unidimensional metalico

A. ). Heeger, A. G. MacDiarmid, H. Shirakawa, reciben el premio Nobel en quimica en 2000

Nanotubos de carbono:
Duros, flexibles, pueden ser metalicos o
semiconductores.

Fullerenos:
Esfera de atomos de carbono con forma de baldn

de futbol.

R. F. CurlJr., H. W. Kroto, R. E. Smalley, , reciben elpremio Nobel en quimica en 1994



Some early visionaries

i

The universe (which others call the Library) is
composed of an indefinite and perhaps infinite
number of hexagonal galleries

The idealists argue that the hexagonal rooms are
a necessary form of absolute space or, at least,
of our intuition of space. They reason that a
triangular or pentagonal room is inconceivable.



El comienzo

Electric Field Effect in Atomically
Thin Carbon Films

K. 5. Moveselov,! A K. Geim,'* 5. V. Morezov? D. Jiang,”
¥. Zhang,! 5. V. Dubones,? I. V. Grigorieva,’ A. A. Firsov®

‘We describe monocrystalline graphitic films, which are a few atoms thidk but are
nonetheles stable under ambient conditions, metallic, and of remarkably high
quality. The films are found to be a two- dimension al semimetal with a tiny overlap
between valence and conductance bands, and they edhibit a strong ambipolar
electric field effect such that electrons and holes in concentrations up to 10™ per
square centimeter and with room-temperature mobilites of ~10000 square
centimeters per volt-second can be induced by applying gate volage

The abdity to control electronic properties of
a makerial by externally applied voltage is at
fhe heant of modem electronica In many
cases, it i the clectric field effoct that allows
e to vary the camier concentration in a
semiconductor device and, conseguently,
change an electric cument through it As the

h et of Pysics, University of Manchester,
Marchester 13 9P, UK. ®hetoute for Morosles
tronics Tedhnology, 142432 Chermogoloda, Fussa
*To whom comspondence should be addressed.
Emal gem@manacuk

semiconductor industry is nearing the limis
of performance improvements for the curment
techndogies domingted by ailicon, theme iz a
constant search for new, nontraditional mate-
rialk whose properties can be controlled by
the electric figld. The most notable recent
examples of swch materials are organic
conductors (1) and carbon nanotubes (7). It
has long heen tempting to extend the use of
the field effect to metals [eg., to develop all-
metallic transisiors that could be scaled down
to much smaller sizes and would consume
less energy and operate at higher frequencies

than traditional semiconducting devices {3)].
However, this would reguine atomically thin
metal filme, because the eketric field iz
screenad at extremely short distances (<1 nm)
and bulk camier concenirations in metals ane
large compared & the surface charge that can
b induced by the field effect. Films &0 thin
tend w0 he thermodynamically unstable, be-
coming discontinuous at thicknesses of sev-
eral nancnetens; so fr, this has proved o be
an insrmountable obstacle o metallic elec-
tromics, and no metal or semimetal has been
shown to exhibit any notable (=1%) field ef-
fact {4

We report the observation of the eectric
ficld effect in a natwrally occuming two-
dimensional (20 material referred to as
few-layer graphene (FLG). Graphene is the
name given & a gingle layer of carbon atoms
densely packed inte a bensene-ring struc-
ture, and is widely used to describe proper-
ties of many carbon-based materials, inclding
graphite, large fullerenes, nanotubes, ete. e g,
carbon nanptubes are wsually thouolt of as
graphene sheets rolled wp into nanometer sized
cylinders) (5-7). Planar graphene itself has
boen presumed not to exist in the froe state,
bezing unstable with respoct to the fonmation of
curved stroctures such as soot, fullerenes, and
nanetbes {5140,

Z2 OCTOBER 2004 VOL 306 SCIEMNCE  wwwsciencemag org

Two-dimensional atomic crystals

K. S. Novoselov*, D. Jiang*, F. Schedin*, T. ). Booth*, V. V. Khotkevich*, 5. V. Morozov?, and A. K. Geim**

Monocapa de
carbono.

Se puede anadir carga
eléctrica.

*Centre for Mesoscience and Manotechnology and Schoal of Physics and Astranomy, University of Manchester, Manchester M13 9PL, United Kingdom;
and TInstitute for Microelectronics Technology, Chernogolovka 142432, Russia

Edited by T. Maurice Rice, Swiss Federal Institute of Technology, Zurich, Switzerland, and approved lune 7, 2005 (received for review April &, 2005)

www.pnas.org/ogi/doi/ 10,1073/ pnas. 0502848102

PNAS | July 26, 2005 | wvol. 102 | no.30 | 10451-10453




Fabricacion de grafeno
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Citas a:
Possible High-Tc Superconductivity in the Ba-
La_Cu-O System, J. G. Bednorz and K. A. Miiller,
Zeits. fiir Phys. 64, 189 (1986)










A. K. Geim, interview less than one hour after the
announcement

[AS] No, no, it’s ok. | mean, for a start, the isolation of graphene using Scotch tape seems beautifully non-Boffin-like and wonderfully
accessible. It gives hope to all.

[AG] Yeah, it's a great educational experiment. In a sense not that it’s isolation of graphene: it shows people that,
in fact, you don’t need to be in a Harvard or Cambridge, in one
of the universities which collect the smartest people and the
best equipment. You can be in the second or even third rated
universities in terms of facilities and, whatever, prestige, but
you still can do something amazing and something which, 1 hope, this is an example, which brings

more enthusiasm to young generation of inspiring scientists, that they can do something without being at the best place at the best time.
[AS] Hmm, hmm, that’s a nice message. The trick in having this approach of playing with new things while finishing off old things must be
getting the balance right. You have to learn to find new areas while not neglecting the one’s you’re working on.

(Gl veah, balance is mportant. AN, pUtting long hours because nothing comes
for free. If you ... It’s extremely hard, it’s extremely hard. fistofai, not

all the experiments | mentioned — levitating frog, gecko tape, graphene — were originally funded by anyone, ok. And, only graphene later
got some research grants to continue this work on another level. But, essentially, you have your work for which you are paid and, yeah,
you have not to neglect this work. So, at the same time, you want to start a new subject and, it requires a lot of hours to find the previous
literature because, if you are not an expert, you have to look through the literature not to invent the wheel again. And, this is the hardest
one.

And, in addition, OK, balance is not as important as courage. Because ... Courage is really important because you stumble on something,
ok, which you are still not confident. You feel, ok, sort of you feel secure within your own research area and what you are doing. If you are
doing something new, you always can be considered as a fool, inventing the wheel, as | said. Or, you can just be wasting your time. So, the
courage is not social courage. The courage is about, ok, investing your time into something which might turn out like a blip.



Andre Geim, entrevista en la radio publica sueca una
hora después de conocer que habia recibido el premio
Nobel

... Ello muestra a la gente que, de hecho, no es
necesario estar en Harvard o Cambridge, en una
de las universidades que coleccionan a la gente
mas brillante o los mejores equipos. Tu puedes
estar en una universidad de segunda o hasta
tercera categoria en términos de medios, vy, de
lo que sea, prestigio, y aun asi, hacer cosas
impresionantes, .....

... Y poniendo muchas horas, porque nada es
gratis, ... Es dificil, es muy dificil, ...




Grafeno, la red cristalina perfecta

~ Pencil and sticky tape : e “'m
Cne millimetre of graphite, such as in 3
an ordinary pencil, consists of three

million layers of graphene stacked on

top of one another, Trapped inside

graphite, graphene was waiting to be

released, Andre Geim and Konstantin

Movoselow uzsed adhesive tape to rip

off thin flakes of graphene from a

larger piece of graphite. Grapherne is

an alrost perfect carbon web only ane

atomn thick,

Many scientistz thought that it would

be impossible ta isolate such thin

materials at room temperature,

De la nominacion al premio
Nobel, Real Academia Sueca de
Ciencias, octubre 2010

From o to @
Using the guanturn Hall effect in graphene
could rnake rieasuring the constant of nature a
rore accurate than ever; o is the so called fine
structure constant that sets out the strength of
electrarnagnetic force, Graphene could alsa. -
allow a bettar calibration of &, astandardunit,
of electrical resistance. g




El grafeno tiene un atomo de grosor

Flake 3 of 4: x=10.0mm, y=5.5mm, >2000 pmZ monolayer flake

Extraordinariamente resistente
Pocos defectos
Facil de manipular

Contiene un solo elemento, carbono
Enlaces ¢ muy robustos
Cuatro electrones de valencia

Muestra a la venta por Graphene Industries, Manchester
Precio de cuatro trozos: 1.100 £

Precio aproximado por gramo: 10'*€ (EU, USA GDP/yr 1.5x10'°€) I\ )'-J\ }‘i }-i }_(
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Muestra por CVD hecha
por SKKU, Corea



¢ Porqué hay cristales bidimensionales?

STATISTICAL PHYSICS

by - -
L. D. LANDAU axp E. M. LIFSHITZ ered). It is easy to see, however, that the thermal fluctuations “smooth

T n Aekbiay on seroes” out™ such a crystal, so that p = onstant is the only possibility: the mean

Volume 5 of Course of Theoretical Physics

PART 1
THIRD EDITION, REVISED AND ENLARGED
by E. M. LIFSHITZ and L. P. PITAEVSKII

B

Bdiamante

=22 eV A2=352 N/m
x d=52.4 N/m

grafeno




El grafeno es metalico

Electric Field Effect in Atomically

Thin Carbon Films

K. S. Novoselov,” A. K. Geim,'* S. V. Morozov,? D. Jiang,’

Y. Zhang, S. V. Dubonos,? I. V. Grigorieva,’ A. A. Firsov? ng:3o_ooo — 1 .OOO_OOO CmZV'ls'l
In 108cm2, |n . |=1013cm™

minl—

Dispositivo tipico de silicio a temperatura ambiente:
H;©1.400 cm?V-is?

Las propiedades electronicas del grafeno
pueden ser variadas en un rango muy
amplio.

Other two dimensional compounds: BN, silicene?




‘EI grafeno no es ni un metal ni un aislante convencional ‘

Teoria

NH, —_—

% NUCLEAR
i, PHYSICS B [FS]
ELSEVIER Nuclear Physics B424 [FS] (1994) 595-618 —_—— L ETT E RS
h PUBLISHED ONLINE: 24 JULY 201 | DOL 10.1038/NPHYS2049

Non-F i liquid behavior of electrons in the half-filled . . . .
O A oneyoomb lattice Dirac cones reshaped by interaction effects in

(A renormalization group approach) su Spen ded gra p h ene

. Gonzilez *, F. Guinea °, M.A H. Vozmediano ©
D. C.Elias', R. V. Gorbachev', A. S. Mayorov', S. V. Morozov?, A. A. Zhukov?, P. Blake3,

* Instituto de Estructura de la Materia, CSIC, Serranc 123, E-28006 Madrid, Spain
Y Instituto de Ciencia de Materiales, CSIC, Cantoblanco, E-28049 Madrid, Spain L. A. Ponomarenko' I. V. G rigorievaﬂ K. S. Novoselov' F. Guinea?* and A. K. Geim"3
« A o1V ¢ Ko . . - K.

© Departamento de Ingenieria, Universidad Carlos I de Madrid, Avda. Mediterrdneo s /n,
[E-28913 Leganés (Madrid), Spain

Screening processes are ExperimentOS

anomalous.

The Fermi velocity is
renormalized, as for relativistic
elementary particles
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® E|grafeno es una membrana de un atomo de
lespesor.
® Esun metal, cuyas propiedades se pueden variar.
® Esel material mas duro conocido.
1® Esinerte quimicamente, e impermeable a casi
todos los elementos.
® Los electrones en el grafeno no tienen masa,
como ciertas particulas elementales.
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‘ Electrones y deformaciones del cristal ‘

Teoria

VOLUME 69, NUMBER | PHYSICAL REVIEW LETTERS 6 JuLy 1992

Continuum Approximation to Fullerene Molecules
José Gonzalez, " Francisco Guinea, ®® and M. Angeles H. Vozmediano "'

Oinstituto de Fisica Fundamental, Consejo Superior de Investigaciones Cientificas, Serrano 123, 28006 Madrid, Spain
DThe Harrison M. Randall Laboratory of Physics, The University of Michigan, Ann Arbor, Michigan 48109-1120

PHYSICAL REVIEW B 77, 075422 (2008)

Midgap states and charge inhomogeneities in corrugated graphene

F. Guine:
Instituto de Ciencia de Materiales de Madrid ( "), Cantoblanco, Madrid 28049, Spain

M 1. Katsnelson
Condensed Matter Theory, Institute for | ials, Radboud University wegen, Toernoooiveld 1,

sia de Materiales de Madrid (CSIC), Cantoblanco, Madrid 28049, Spain

LETTERS

PUBLISHED ONLINE: 27 SEPTEMBER 2009 | DOI:10.1038/NPHYS1420

Energy gaps and a zero-field quantum Hall effect
in graphene by strain engineering

F. Guinea', M. |. Katsnelson? and A. K. Geim®*

Las tensiones modifican
las propiedades
electronicas y simulan un
campo magnético




‘ Elecetrones y defomaciones cristalinas ‘

Experimentos

Strain-Induced Pseudo—Magnetic
Fields Greater Than 300 Tesla in
Graphene Nanobubbles

N. Levy,*?*t S. A. Burke,**} K. L. Meaker,® M. Panlasigui,® A. Zett,“? F. Guinea,?
A. H. Castro Neto,* M. F. Crommie®?§

30 JULY 2010 VOL 329 SCIENCE

Fig. 1. STM images and STS spectra
— Pt111) taken at 7.5 K. (A) Graphene mono-
T Flatgraphene/P1Ll) layer patch on Pt(111) with four
== Nanobubble

nanobubbles at the graphene-Pt bor-
der and one in the patch interior.
Unreacted ethylene molecules and a
small hexagonal graphene patch can
be seen in the lower right (/yypneling =
50 pA, Viampte = 350 mV, 3D z-scale
enhanced 4.6x). (Inset) High-resolution
image of a graphene nanobubble showing distorted honeycomb lattice resulting from strain in the
bubble (lynneting = 50 PA, Veample = 200 mV, max z = 1.6 nm, 3D z-scale enhanced 2x). (B) STS
spectra of bare Pt(111), flat graphene on Pt(111) {shifted upward by 3 x 107 ohm™), and the
center of a graphene bubble (shifted upward by 9 x 107 ohm™). Vinog = 20 mV.

B
=
x
>
2
©

Vsample (V)

éIngenieria de tensiones?




LOS SUPERLATIVOS DEL GRAFENO

El material mas delgado imaginable

Mayor relacion superficie/volumen (~2,700 m? por gramo)

El material mas irrompible medido nunca (limite tedrico)
Material mas duro (constantes elasticas mayores que el
diamante)

® Material mas deformable (hasta un 20% elasticamente)

® Conductividad térmica record (también mejor que el diamante)
® Mayor densidad de corriente a temperatura ambiente (100 veces
la del cobre)

® Completamente impermeable (incluso los atomos de helio son
detenidos )

® La movilidad electronica mas elevada (100 veces mayor que el
silicio)

® Conduce electricidad en ausencia de electrones

® Los portadores de carga mas ligeros (masa igual a cero)

® Recorrido libre medio mas largo a temperatura ambiente (micras)



REPORTS

Mas propiedades sorprendentes

Interaction-Driven Spectrum
Reconstruction in Bilayer Graphene

A. S. Mayorov,® D. C. Elias,® M. Mucha-Kruczynski,® R. V. Gorbachev,® T. Tudorovskiy,*
A 7hukau 3 &€ W Marazau 5 M | Katcnalean W 1 Fal'kn 2 & K Gaim 3 K & Mavncalnul*

PRL 104, 096804 (2010)

PHYSICAL REVIEW LETT

N N Wedk ending
ERS 5 MARCH 2010

Vol 448|2 August 2007/doi10.1031

Electronic sp
graphene lay

Nikolaos Tombros', Csaba

Nuevas fases en bicapas de grafeno
Defectos y magnetismo

Transporte de espin

Estructuras hibridas

Optica y plasmdnica del prafeno
Osciladores cuanticos, ...

PHYSICAL REVIEW B 84, 161407(R) (2011)

g

RAPID COMMUNICATIONS

Edge and waveguide terahertz surface plasmon modes in graphene microribbons

A Yu. Nikitin, "
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F. Guinea, F.J. Garcia-Vidal.* and L. Martin-Moreno""!

NANIN

Imaging Mechanical Vibrations in
Suspended Graphene Sheets

D. Garcia-Sanchez,* A. M. van der Zande,§ A. San Paulo,! B. Lassagne
P. L. McEuen and A. Bachtold* 1+

NANO
LETTERS

2008
Vol. 8, No. 5
1399-1403




Superconductivity in graphene. American Physical Society
March Meeting, Los Angeles 2018

NAULE  Accelerated Article Preview

NAWIE  Accelerated Article Preview

160
nventional superconductivity in magic-angle graphene
superlattices

Yuan Cao, Valla Fatemi, Shiang Fang, Kenji Watanabe, Takashi Taniguchi, Efthimios Kaxiras & Pablo Jarillo-Herrero




Many new two dimensional materials

Graphene

Includes a collection of articles on the theme of Graphene Chemistry

Chem Soc Rev

TUTORIAL REVIEW

o
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‘ ' | ® Semiconductors

Graphene

Spectrum [eV]

been

that strongly d#fer from their

ST e ® SUDerconductors
i - ® Ferromagnetic

Novel topological properties




Quantum Hall Effect

Linear Spectrumg o0One Atom Thin

Transistors =) Membranes/
g = Gas Barrier

High Mobilityow g}~ @ & )= soStrength

Photovoltaics ¢ —{  Composites

Unique Opticalo® YoHighly
Properties Transparent Stretchable

Conductors




batteries; supercapacitors
conductive inks; etc.

medical
applications: :
drug delivery; B° rencestec
lab-on-chip; ;
DNA
sequencing

ultra-high frequency
electronics;

L ST AR S \,_‘f_., 2 .
_ ;‘::.gf‘a\.f :,13 4l --_;\\;f $ optoelectronics
a ‘dﬁ,;;m 3‘6\“‘;*1 \;_ :'\ ¥ .‘\

® . Sl = =, '. : e
o APLEL AN flexible

~ a\e

| &\ oo\l & LCD and LEDM

.-

** ‘B A\ T O\ wall lightnin -
AW At o\ ghtning

\ - \ » L

p—% \v O
. [ . i W

graphene derivatives;
e.g., 2D analogue of Teflon
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Chemical synthesis
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Gas Diffusion Barrier
=Gas barrier diffusion properties i

=Barrier to oxygen

=Barrier to CO, gas

sIndustrial specifications

VORBECK MATERIALS

Composites

Composite Structural Weight [%]

20 A340-200

a2

10 N w00 \hc:'i;i_i_l_—_-—-I""{_

L)
e
n—
1] ' v
1970 1980 1990

Materials used in 787 body
Fiberglass M Carbon laminate composite
B Aluminum Carbon sandwich composite
Aluminum/steelititanium

Total materials used
By weight

Composites
50%

By comparison, the 777 uses 12 percent
«composites and 50 percent aluminum.

Strain Sensor



efect-free
h D
Ll nsts Graphene

NR
- markets

Spin logic chips
Ultrafast low-power
logic circuits
THz imager
Mobility>2m Medical repair kit
on large are
D

R2R Transparent (>90%)
conductive (R,) <10Q/c films

s
Self-powered flexible
mobile devices

istri nsor
Transparent (>90%) conductive istributed senso )
networks

(R, <100Q/r) films

Fiber-optical
Conductive inks communication system

Plastic electronics and
optoelectronics
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El grafeno en la economia

NOKIA

Connecting People

als .
2. ST Electronics

A company of ST Engineering

O

-

1 - BASF

The Chemical Company

TOSHIBA

Alcatel-Lucent

GRAPHENE

FLAGSHIP =

Graphene for Future
Emerging Technologies

WORKSHOP

October 18, 2011 (Madrid, Spain)

RENAULT

{? TEXAS
INSTRUMENTS



26 MAY 2011 | VOL 473 | NATURE | 419

THISWEEK o

VACCINES Of past success and WORLD VIEW How Europe can get PLUTO Carbon

E D I T 0 R I A LS how to deliver on future the most for its Framework monoxide found
promise p.420 programme money p.421 around dwarf planet p423

The long game

( raphene is nnr amiracle marenal just avery promising one. [t will take restraint and sustained

éEs posible que un campo de la ciencia se mueve demasiado rapido? Quiza.
Aquellos que trabajan en la forma de carbono llamada grafeno, lo han visto
dispararse como un cohete desde ser la nueva cosa importante a un material ¥
milagroso, en menos tiempo que el que necesita un articulo de investigaion para g}
ser aceptado y publicado. Sin embargo, aunque la carrera hacia aplicaciones que ¥

remarkable properties, the work necessary to find out how it could
best be harnessed remains incomplete.




Relevancia de algunos premios Nobel de Fisica

Cuadrante Bohr: Cuadrante Pasteur:

igacid s Investigacion basica
Investigacion basica Transi g

pura Laser (1964) inspirada en el

Condensados de Bose-Einstein (2001) Grafeno (2010) ? usuario

Atrapamiento de dtomos (1997) Coherencia éptica (2005)

Microscopio de barrido tunel (1986)Magnetoresistencia gigante (2007)
Efecto Hall cuantico (1985)

Efecto Josephson, superredes semiconductoras (1973)
Fibra optica (2009)

Heteroestructuras de semiconductores (2000)

Cuadrante Edison:
Investigacion aplicada
pura

Relevancia para aplicaciones inmediatas
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Cortesia de T. Palacios,
Austria, Abril 2011

Lema de Kroemer de nuevas tecnologias:
“las aplicaciones principales de cualquier
nueva e innovadora tecnologia siempre ha
sido — y continuara siéndolo — aplicaciones
creadas por esa tecnologia”



