Massless and Massive Electrons In
Atomically-thin Carbon
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Maryland MRSEC IRG-1: Low-Dimensional Interfaces

Einstein, Fuhrer, Phaneuf, Weeks, Reutt-Robey, Williams (Maryland)

The goals of IRG-1 are to create controlled low-dimensional interfaces of
materials with promising applications in opto-electronics and nanoelectronics,
and to develop a fundamental understanding of the special structure-function
relationships that arise due to their low-dimensional character.
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Maryland MRSEC IRG-2: Multifunctional Magnetic Oxides

Drew, Salamanca-Riba, Takeuchi (Maryland)
Cheong, Kiryukhin (Rutgers) Lynn (NIST) Lofland (Rowan)

Goals:
A To develop new coupled magnetic and ferroelectric functional materials.

A To improve understanding of mechanisms for coupling of ferro order
parameters

A To explore thin film multiferroic device concepts.

Crystalline
films of BiFeO,

First atomic-resolution

Giant magneto- microwave microscope

elastic coupling in
hexagonal Y(Lu)MnOs
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. Introduction to Graphene
AMassl esso electrons
Pseudospin and Berryos phase

1. Fabrication and Characterization of Graphene on SiO,
Micro-Raman spectroscopy
Scanning Tunneling Microscopy

Il Diffusive Transport in Graphene
Boltzmann Transport
Charged impurities
Phonons
Dielectric Environment T Tuning Fine Structure Constant
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Carbon and Graphene

Carbon

4 valence electrons

o 1D orbital

3 sp? orbitals
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Graphene

Hexagonal lattice;
1 p, orbital at each site
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Graphene Unit Cell

Two identical atoms in unit cell;
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Two representations of unit cell:

Two atoms

1/3 each of 6 atoms = 2 atoms
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Band Structure of Graphene

Tight-binding model: P. R. Wallace, (1947)
(nearest neighbor overlap = 9,)
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Band Structure of Graphene 1 U point (k = 0)

Bloch states:
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Band Structure of Graphene i K point

abelolely
Pobebelelebels
B.0:0.8.0:0.4

E v veesi Mg
RS 8 & e

0000 88 Wi e
e

/’, 1 *ﬁﬁi&*‘*.
' -,
i 271
. -
< -, 1 ﬁ °
o7 AT T OO
.7 A” ! S o RS S
- 371 1 1 So S e
e 1 1 1 ~ So
1

Michael S. Fuhrer University of Maryland MRSEC



1 alg
0!

"
E =

Nna+tmtoindi n
a
&
C
Nbondil n

are degenerate!

©)
L
0p)
o
=
°
c
im
S
=
©
@
(5]
2
c
)

K point
Bonding and anti-bonding

Frasis
1800 8e®;

e pe ve
29383

...u. .........
.’ '. Q..

Bonding is Frustrated at K point

Michael S. Fuhrer



Band Structure of Graphene: k-p approximation

Analogous to Dirac eqn. in 2D

Eigenvectors: Energy:
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Visualizing the Pseudospin




Visualizing the Pseudospin
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Graphene: Single layer vs. Bilayer

Single layer Graphene Bilayer Graphene
w=6.0/mm W=5.2/mm
| =2.6/mm | =4.3mm
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Graphene Dispersion Relation: Bilayer Dispersion Relation:

ALi-lgihk e o AMassiveo
A E A
> K, Kk,
K, K,
Massi ticl >k
assive particles: -
Lightt E=>w= >ck P 2m,
Electrons in graphene: Electrons in bilayer graphene:
21,2
— o0 >k
2m*
Fermi velocity vi instead of c Effective mass m* instead of m,
Ve = 1x10° m/s ~ ¢/300 m* = 0.033m,
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Quantum Hall Effect: Single Layer vs. Bilayer

Single layer:

2 o =
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QHE single layer at T=1.34K B=9T m
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See also: Zhang et al, 2005, Novoselov et al, 2005.
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