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Lecture 1

Relativistic Dirac Electrons in Graphene

What is graphene?

- Carbon allotropes

Graphene
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This slides is inspired by T. Ohta at LBNL and Fritz-Haber-Institut.

+ Strongest materials ever measured : Young’s modulus 1.0 Tpa
+ Thinnest flexible membrane ever created

» Impermeable to gases (even atomic hydrogen)

* Record value for RT thermal conductivity of ~5000 W/mK
 Ballistic transport over micrometers at RT

+ Current density six order of magnitude higher than that of Cu

+ Room temperature Quantum Hall Effects

+ Unique material showing something exotics at RT

Graphene

- Statistics of recent APS March meetings

Brief history of graphene

- Early works

2009 APS March meeting at Pittsburg, USA

DCMP : Graphene Focus Sessions I-XIX
(Organiziers: A. H. Castro Neto, A. Lanzara, Y.-W. Son)

DCMP, DMP, GMAG, FIAP: 9 other sessions

Total 28 Sessions, ~650 talks (960 if including nanotube)
— ~9% (14%) of total ~7000 talks

v'2007 Denver Meeting 400 (800) talks out of 6800 talks
v'2008 New Orleans Meeting 580 (900) talks out of 6500 talks

* Energy bands of graphite calculated

P. R. Wallace, PR 71, 622 (47).

* Many important works (Dresselhaus and others)

» Condensed matter analogues to (2+1)D — QED suggested

G. W. Semenoff, PRL 53, 2449 (84), E. Fradkin, PRB 33, 3236 (86), F. D. M. Haldane, PRL 61, 2015 (88)

» Carbon nanotubes ! (lijima, 91)

« Single layer of graphene grown on Pt(111) and TiC(111)
substrates — CVD of hydrocarbons on metal (promising?)

T. A. Land et al, Surf. Sci. 264, 261 (1992); A. Nagashima et al, Surf. Sci. 291, 93 (1993)




Brief history of graphene Electronic structure of graphene

Early works - Isolation of graphene ?

* Intercalated graphite as a route to graphene !

L. M. Vicilis et al, Science 299, 1361 (2003).

VOLUME 61, NUMBER I8 PHYSICAL REVIEW LETTERS 3 Ocrosex 1988

Model for a Quantum Hall Effect without Landau Levels:
Condensed-Matter Realization of the “Parity Anomaly”

chosiat F. D. M. Haldanc
— e 2 Department of Physics, University of California, San Diego, La Jolla, California 92093
{Received 16 September 1987}

While the particular model presented here is unlikely
to be directly physically realizable, it indicates that, at
least in principle, the QHE can be placed in the wider

A

* Graphene nano-pencil ? (P. Kim@Columbia)

; - e T ————s
Crb DR P LB r I Tl G e context of phenomena associated with broken time-
FIG. 1. The baseycombns model 20 graphisch o TEVETSAl invariance, and does not necessarily require

nearest-neighbor bonds (ol limes) and second-neighbor bonds

external magnetic fields, but could occur as a conse-
weymmery  quence of magnetic ordering in a quasi-two-dimensional

be hexagon of pearcits

3 ea second-nelghbor bonds mark 1he SyStEm.

e hopping in the slate wilh Broken

B s KIGHCOp St over Graphts mire<ryseals

e Hon wate

—_——

-
T =

% —— 5 N
S - el

Electronic structure of graphene Exfoliated Graphene
Isolation of graphene ? -

* Micromechanical cleavage of bulk graphite up to 100
micrometer in size via adhesive tapes !

PHYSICAL REVIEW B. VOLUME 65, 245420

Hall conductivity of a two-dimensional graphite system
Novoselov et al, Science 306, 666 (2004
Yisong Zheng* and Tsuneya Ando ’ ’ ( )
Insnitute for Solid State Physics, University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8381, Japan
(Received 13 September 2001; revised manuseript received 8 March 2002; published 18 June 2002)

[ S— A 2D graphite sheet does not exist in nature. One possible
W04 candidate may be graphite intercalation compounds of stage
1 having isolated graphite sheets separated from each other
by an intercalant layer. However, the interaction between the
graphite layer and intercalants alters the band structure con-
siderably. In fact. most intercalation compounds have Fermi A. K. Geim Group @ Menchester P. Kim Group @ Columbia
surfaces consisting of a three-dimensional sphere (originat- K. S. Novoselov et al, Nature 438, 197 (2005) Y. Zhang et al, Nature 438, 201 (2005)
ing from so-called interlayer states) and that of 2D
graphite.’® Therefore, they do not provide a realistic 2D
graphite sheet for the measurement of magnetrotransport.
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Epitaxial Graphene

- Graphene electronics?

CVD Graphene

- Graphene electronics?

 Epitaxial growth of graphene on SiC{0001}

W. A. de Heer Group at Georgia Tech
C. Berger et al, Science 312, 1191 (2006)

E

2!1"1

* Precise control of number of layers of graphene

* Large scale graphene productions

» Large scale graphene growth by using Chemical
Vapor Deposition on thin nickel film and copper foil

Byung Hee Hong group at SKKU
K. S. Kim et al, Nature 457, 706 (2009)

Jing Kong group at MIT
A. Reina et al, Nano Lett. 9, 30 (2009)

Rod Ruoff group at UT Austin
X. 8. Lietal, Science 324, 1312 (2009)

Electronic structure of graphene
- Nature of bonds in graphene

Electronic structure of graphene
- Real space: tight-binding Hamiltonian

sz _g--:ﬂ_’: Sp3 ’+\

m-orbital

& [

Hexagonal network of Carbon TEM image,
. Zettl group at UC Berkeley
— sp? bonding C. Girit et al. Science 323, 170 (2009)

Two sublattices -
Bipartite system

Nearest-neighbor tight-binding Hamiltonian for 1r-orbitals

M=t S [a(Mblr+ )+ bi(r -+ s)a(n

reAi=12.3




Electronic structure of graphene

- Energy spectrum

Electronic structure of graphene
- Linear energy bands
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Electronic structure of graphene
- Real space
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Electronic structure of graphene
- ‘Neutrino’ in your pencil?

‘_/ Py Dirac equation with zero mass

—> charged ‘neutrino’ in your pencil?

* Relativistic particle :
J—
E = i-\g’fzpz + m2c4 = Lvrlp|

c=vg: effective speed of ‘light m=0




Electronic structure of graphene

- Consequences of massless Dirac fermions

Linear Density of States

ke

P= evaleN2D (E)

Zhang et al, Novoselov et al (05)

Transport properties of graphene

- Mobility of graphene

Mobility of suspended graphene ~ 200,000 cm?/V's

Observation of nearly ballistic transport regime/ FQHE

X. Du et al, Nature Nanotech. 3, 491 (2008). X. Du et al, Nature 462, 192 (2009).
K. I. Bolotin et al. SSC 146, 351 (2008) K. I. Bolotin et al. Nature 462, 196 (2009)
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Electronic structure of graphene

- Total Hamiltonian
s=+ i s=+ i
K,

= Hiot(P) = VF [Px(0x @ 72) + py(0y @ 17)] with ¢ = $+

G acts on sublattice A (B) and T on K, (K) 03

Electronic structure of graphene

- Gap generation in graphene

KA KB K'A K'B
o ve (ke — iky) 0 3
N o— v (ke + ik,) —a 3 o
0 a3* a —vr(ke + iky)
a* 0 —vr (ke — iky) —a

—> E= 4\ /VEK2 4 a2 + |32

Onsite energy difference Mixing between K, and K_
- Mixing pseudo-spins - Mixing chiralities

\ 4 V\)\)

— }|2a| ............. }|2[3|




Electronic structure of graphene
- Low energy dispersions

Graphene Usual Semiconductor

Electronic structure of graphene

- Pseudospin and chiral states

[ H= VF(GXPX + Gypy) =Vg0'p ]

!

Gy 1 Gy 0
— =i +ie
Pe=e"2 (o)+e 2 (1)
I @
= e 2|0 +e*Z|1)

Gp Fp
o Po=e 2N —e2 )
fp =tan (py/pu)

Eigenfunctions : Spinor representation

Pseudo-spin up (down): A (B) sublattice

Electronic structure of graphene
- Chiral states: charged “neutrino” in your pencil

1
Helicity operator : h = Eu‘ P

» Conduction band :

1 1
HIJJC:EG'ﬁlpC:EwC

o,=-12 < @

py<0 <

- o,=+1/2
—> p,>0

Electronic structure of graphene

- Consequence of chirality

* Eigenstates :

1 .
{rlsp,+) =WV = —eP" R0
rlsp, +, sp.+(r) NG (0p)

K, * For a long-range disorder where |q| <

a elastic scattering matrix element is

. ‘ B, — 0
(sp!IVIsp) 2 = [V(p! — p)f?cos? 2

_ p’)

: Complete absence of backscattering
(pseudospin conservation)

* Klein paradox: M. I. Katsnelson et al, Nature Phys. 2, 620 (2006)

* Veselago lens: V. V. Cheianov et al, Science 315, 1252 (2007)

(-

K

28




Electronic structure of graphene

- Scattering

g ;I Q
K. KE
2 W

* Intra-valley scattering: small momentum transfer, lattice distortion, etc.

* Inter-valley scattering: large momentum transfer, short range atomic

impurities, etc

Lecture 2

Consequences

Electronic structure of graphene

- Tunneling

1 CLASSICAL PHYSICS

No chance of
penetrating
barrier

Electron as
low-energy —Barrier
particle

o

a

2 QUANTUM MECHANICS

Electron as Some
“slow- chance of
moving” penetrating
LEE barrier

AL T

a

3 QUANTUM ELECTRODYNAMICS

Electron as 100%
i chance of
b

_'ugh—;paed
A. K. Geim & P. Kim Scientific American, Apr. 2008

.

&

Electronic structure of graphene

- Klein paradox

E=+/2p2 + m2c \)

particle ‘) /
~2mc’ i J

antiparticle &
.......... T LI IS W RTS—
E D

* Klein paradox: Unimpeded penetration of relativistic particles through
very high potential barriers.
- Potential drop ~2mc® over /. : ~108 V/A

— Event horizon of Black hole
— Supercritical massive atoms

0. Klein, Z. Phys. 53, 157 (1929)




Electronic structure of graphene
- Klein tunneling

Electronic structure of graphene

- Klein tunneling

Graphene

Katsnelson et al, Nature Phys. 2, 620 (2006)
V. V. Cheianov et al, Science 315, 1252 (2007)

C. Park, Y.-W. Son et al, Nature Phys. (2008),
Phys. Rev. Lett. (2008),
Nano Lett (2008)

Katsnelson et al, Nature Phys. 2, 620 (2006)
V. V. Cheianov et al, Science 315, 1252 (2007)

Transport properties of graphene
- Klein tunneling

Electronic structure of graphene
- Klein paradox

LETTERS nape

PUBLISHED ONLINE: 1 FEBRUARY 20001 DOL: 100038 HIHYSTIOE thSlCS

Quantum interference and Klein tunnelling in
graphene heterojunctions

Andrea F. Young and Philip Kim*

Pabry-Ferot interference: observation .
of Berry’s phase

A. F. Young & P. Kim, Nature Phys. 5, 222 (2009).
N. Stander, B. Huard, D. Goldhaber-Gordon,
Phys. Rev. Lett. 102, 026807 (2009)

r week ending
PRL 99, 246802 (2007) PHYSICAL REVIEW LETTERS 14 DECEMBER 2007

Atomic Collapse and Quasi—Rydberg States in Graphene

A.V. Shytov,! M.T. Katsnelson,? and L. S. Levitov?
'Brookhaven National Laboratory, Upton, New York 11973-5000, USA
*Radboud University of Nijmegen, Toernooiveld 1 6525 ED Nijmegen, The Netherlands
SDepartment of Physics, Massachusetts Institute of Technology, 77 Massachusetts Ave, Cambridge, Massachusetts 02139, USA
(Received 6 August 2007; published 14 December 2007)

(A)e=0 B)e<l

Relativistic fall-down: M < Ze¥fc

 Supercritical atomic
collapse if Z= 137

/ tunneling {

hole,

* In graphene, divalent or
Supercritical | Supereritical tr|Va|ent Impurltles eg Ca’
pe-1i2 =12 Yb, La, Gd are enough to

T realize this effect.

(D) Ime




Electronic structure of graphene Electronic structure of graphene

- Landau levels in perpendicular B-field

- Shubnikov-de Hass Oscillation and Berry’s phase

- 1
W(p) =R7(8,) (1) Parabolic band (normal metal)

Landau orbit near
Fermi level
ﬂ{ﬂ;}=ﬂp(i%*&) By +ip, = &' e D(E), N, E, = hw, (n + %)
HH?L:-"FL eB h _ ke
R(8, + 2m) = —R(8,) P ;:'i e =—— =m "= eB

B " E _ _
AR, = —R(B, T)cos (2m—~ + 2mp) E B=10T, ho,~ 1K

Linear band (single layer graphene)

E, = ho/n

Py eB
o, =—=17 —
“T Iy Tk

B=10T, hw,= 1500K

2DEG [3 = 0,1
Graphene B = E _745
I" ’

Xl
Quantum Hall States —

E- E

Electronic structure of graphene

Electronic structure of graphene
- Consequence of chiral massless Dirac particles

- Consequences of chiral massless Dirac fermions

Half-integer Quantum Hall Effect (Room T)!
(Manifestation of Berry’s phase of pseudospin)

¥
7
10 -% ‘ N N x
N 22 < ’ >
2 \ A & W N ) Bostwick et al, Nature Phys 3, 36 (07)
Zhou et al, Nature Mat 6, 770 (07)

Photoemission experiments :

| 5 1 @2 Crescent shape anisotropy
A R;}} =4g, - (v+ i (ala Young's double slit 1) -
‘; @0

g e V=123

Zhang et al (05), Novoselov et al (05) gs = 2 % 2 (Spil’l & sublattice)
Kim & Geim et al (07) Kim, Ihm, Choi & Son,

arXiv.org:0912.1210 (09)

P REL)

Haldane (88), T. Ando (02)




Electronic structure of graphene
- Special relativity vs Superconductivity

Electronic structure of graphene

- Gap?

Hall effect in superconductivity

T. Sauer, Archive for History of
Exact Science 61, 159 (07)

N
Vhars i

Oct. 1920 Leiden, Einstein, Ehrenfest Langevm Onnes

H. B. Heersche, P. Jarillo-Herrero et al, Nature 446, 56 (2007)

, g? 1
Fine structure constant, « = w215
o2 300

“Effective Fine structure constant” in graphene . «ag = - e 37 xe
F

PRL 102, 026802 (2009) PHYSICAL REVIEW LETTERS 16 JANUARY 3009

Is Graphene in Vacuum an Insulator?

Joaquin E. Drut’ and Timo A. Liihde®
'Department of Physics, The Ohio State University, Columbus, Ohio 43210-1117, USA
*Department of Physics, University of Washington, Seattle, Washington 98195-1560, USA
(Received 11 July 2008; published 13 January 2009)

We present evidence, from lattice Monte Carlo simulations of the phase diagram of graphene as a
function of the Coulomb coupling between quasiparticles, that graphene in vacuum is likely to be an
insulator. We find a semimetal-insulator transition at afgf“ = L.11 + 0.06, where @ = 2.16 in vacuum,
and ag = 0.79 on a Si0; substrate. Our analysis uses the logarithmic derivative of the order parameter,
supplemented by an equation of state. The insulating phase disappears above a critical number of four-
component fermion flavors 4 < Nj}"‘ <2 6. Qur data are consistent with a second-order transition.

Electronic structure of graphene

- Opacity

E(k w) = Eglter—wt)

H=v;3- (p—<K) = Ho + Hyp,

e e
graphene Hiye = vg@ e EA = Vg0 'EE

P(absorption) = % _ absorbed energy by graphene

v f incident energy
y w=S W= men(EE) x ha
A3 4m
K D(ﬂ_m) _ hw
2/ mhivi

ARG
mm) P(absorption) = W, = w — =1

1, LB
M2 = |<uuf|vF6-—Elwl>| =5¢ %L—L

Electronic structure of graphene

- Opacity

mm) Pabsorption) = f=—"—" =—=ma

Fine Structure Constant Defines
Visual Transparency of Graphene

R. R. Nair,* P. Blake, A. N. Grigorenko,* K. 5. Novoselov,' T. ]. Booth," T. Stauber,?
N. M. R. Peres,® A K. Geim™*

1007 i

Science 320, 1308 (2008) = I i . B
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Electronic structure of graphene
- Opacity

* Transparent flexible display?

* Replacement of ITO?

* Prof. Byung Hee Hong
(SKKU) arXiv.org:0912.5485

See Video >>>

Lecture 2

Bilayer Graphene

What is bilayer graphene?

Bilayer graphene

: Massive particles

H=g.p*/2m"

Normal material Neutrino Graphene Bilayer Graphene

* Only single layer graphene has a linear dispersion.

« All others are massive, i.e., almost normal metals But,

T =p. — ip, = [ple

V= (¢B1:¢A1:¢BEJ¢AH )T




Bilayer graphene Bilayer graphene

: Massive particles : Massive particles
. Normal Single layer Bilayer
Bilayer Graphene Metal Graphene Graphene

Low energy effective Hamiltonian by integrating out high energy dimer part

9 ay(ge2ih) 0,4g8%h) a(0e%ih)
t
U12? U |P|2 A m* = —J‘g
Heﬂ'gr o :2 L0 -y 2v3,
€ T 0 /1 - : L A4 A
(") 5= (cos(28y). sin(285)) - .34
nhiged 4 nhigeB
-2 -2
Single layer Graphene -3 -2
1
0 =ho(N+3)  Ey=thooN = +ho/N(N=D
Heff ~ rUF T — rUF|p|6" . ’ﬁ’p ﬁ’p= (COS(.,),Sin_,)) EN (4 2 N _ I:-J_ EN _ﬁ:ﬂ N(N 1)
a0 4¢2 4et 1 - p=

Bilayer graphene Bilayer graphene

: Massive particles - Energy gap under perpendicular electric field

gate

$i0,

_— ! | ‘: : | R : Bilaver graphene
Electric field sodile | B——
gy T L
> it Source " Drain
L TATT heA -

gale

v Min, McDonald et al, PRB 75, 155115 (2007)
_ W

A T]TI.‘Z) n=goa McCann, PRB 74, 161403 (R) (2006)

L

Transverse electric field can generate energy gaps in spectrum !!




Min, McDonald et al, PRB 75, 155115 (2007)
McCann, PRB 74, 161403 (R) (2006)

200—
Oostinga et al, Nature Mat. 7, 151 (2007)
Zhang et al, Nature 459, 820 (2009) ——>
T. Ohta et al, Science 313, 951 (2006)

Bandgap (meV)

/
100/

B Experiment
= Self-consistent tight-binding
= DFT calculation

==== Unscreened tight-binding

| |

0 1 2 3
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00125¢ 00350
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Momentum

Binding Energy (eV)

Lecture 3

Generalizations

Generalized Weyl Hamiltonian

- Relativistic invariance in two space dimensions

The most general Hamiltonian linear in the space k=(k,,k,)

p=0,:3

v¥ = (vf,7%) = (v], v, v5, V8
V“=(1J:,Uﬂ) _[ ) ( Z!_‘y) ( ZJ ’:7 z: 3)

Uﬂ=(U07”0)E(U0aU11’Uz=U3)

: 4 dimensional vectors in the SU(2) space

ot = (0°,7) = (1,01, 0%, 0%)

= H=vy ko' + (%, + t¥k,) - &

Generalized Weyl Hamiltonian

- Relativistic invariance in two space dimensions

H = Vo kO’u-l- (’l}mkx +’l_fyky) G
If Vo =Wy = 0,'\"1 = (‘!}F,D),Vg = (D,UF)

H— vy (kmol + ky0'2) : ideal graphene

If v3 =0 and rotation of 2D frame,

H— wy - qo’ + weqo” + Wy gyo?

: Minimal Weyl Hamiltonian

M. O. Goerbig et al, PRB 78, 045415 (2008)




Generalized Weyl Hamiltonian

- Relativistic invariance in two space dimensions

~ H=wy qo’ +w,q. 0" + Wy Gy Y
» Graphene Superlattices™

» Graphene under uniaxial strains**

~ H=mo* +w,q,0" +w,q,0"

» Epitaxial graphene***

* Park, Son et al, Phys. Rev. Lett. 101, 126804 (08)

** Choi, Jhi, Son, submitted (09)

*** Kim, Inm, Choi, Son, Phys. Rev. Lett. 100, 176802 (08)

Kim, Ihm, Choi, Son, submitted (09)

Transport properties of graphene
- Superlattices: neutrino crystal ?

THE QUEST FOR THE

Superlens

By John B. Pendry and David R. Smith
THE SUPERLENS
B

aven inclus

: Scientific American, July 2006,
J. B. Pendry & D. R. Smith

Graphene Superlattice

- Supercollimation in photonic crystals !

6,=15
incident light

collimator case

v.=Viwlk)

NEC — [Reiepiader
APL (99)

MIT
Nature Mat (06)

xigm)

N e B
Normalized intensity =] §

no B BB B BN i
e N

A z
3 8

__ incident
~ wavevectors

dispersion
surface

. propagation

; ',‘ ¥ '\ directions
- convex
concave | o lens
lens & ==
! Y i icollimator
/ oot P

Graphene Superlattice
- Graphene superlens ?

PHYSICS
The peculiar properties of graphene, which is

N e g ati"e Refra cti 0 n fO r E I e ctro ns? neither semiconductor nor metal, may allow

its electrons to be focused like light.

J. B. Pendry

hance or cleverness some-
times brings together two
exciting research areas

that otherwise would proceed
along separate paths. In the world
of optics, for example, researchers
have been studying negative re-
fraction, a phenomenon that al-
lows “perfect” optical lenses (1, 2)
that can focus light beams to
extremely fine points. Condensed
matter physicists, on the other
hand, are unraveling the unusual
properties of graphene, a material
that consists of single sheets of
carbon atoms (). Now, a report by
Cheianov er al. on page 1252 of

N Focusing electrons. (Left) Veselago's lens: A negative refractive index medium (n = <1) bends light to a negative angle
this issue (4) combines these (WO relative to the surface normal. Light formerly diverging from a point source in the object plane is set in reverse and con-
arcas in a potenfially fruitful way.  verges back to a point. (Right) Computer simulation of electron charge density on graphene showing similar focusing
On the basis of theoretical results,  [Adapted from (4)]

the authors claim that the electron

ag.org on August 4, 2008




Graphene Superlattice
- Neutrino crystal (?)

Graphene Superlattice
- Anisotropy from periodicity

Pristine graphene 1-D superlattice 2-D superlattice

* Large scale (>>d._c) periodic potential imposed on
pristine 2-D graphene

» Low energy effective Hamiltonian approach

Park, Son, Louie et al, Nature Phys (08)

2-D superlattice

Park, Yang, Son et al, Nature Phys (08)

Graphene Superlattice

- Equations

(14 ss'e™x=) U(G) b jece -

bo| =

Scattering matrix: (s, k|U(r)| s, k') = >
G

Central secular equation: (=, = shugk )

(B —eop) cls, k)= > % (1 + ss'e—*ek-k—c) U(G) (s k—G)
s G

G : reciprocal vector for superlattice potenital (<< K,, K_)

e?: Angular dependent scattering matrix as a direct manifestation
of chirality of electrons in graphene

Graphene Superlattice

- Equations

: , 1
Scattering matrix: (s, k [U(r)| &', k) =3 5 (14 s/e7%x=6 ) U(G) b pcce |
G

Central secular equation: (=,x = shvgk )

(E—co)els,k) =3 % (14 ss'eerc) U(G) o, k — G)

.G

1-D superlattice case with weak periodic potential :

Vg — Uy 217 (G2
R _ 7| 2( ),J sin? Ay ¢
tn Q0 ']-"O|G|

1-D weak K-P potential case:

r2 2
vy, — g U= L 1 ., /7w .
. T 1D 5 ) — sin? (—n sin® [
v g o n L




Graphene Superlattice Transport properties of graphene

- Anisotropy from periodicity (details) - Superlattices
Pristine graphene 1-D superlattice Pristine graphene 1-D superlattice 2-D superlattice
E F
%b ’ P 4 H = hvg(o.p, + oy, + IV(X)/Rivg)

‘i . H=vlviruu,

4
._)Hf = I— - :
H = Mup(Gas + Tyy) ""vF(O-xpx + flnoypy)

. 1 e_mz(x) _eméx) U _i( 1 1)
1 _\/_E _dalx) fa(x) 2= ﬁ -1 1

e 2 e 2

. H = hvp(0:px + OyPy) H = R(vpGuPy -+ VpyOyPy)  H = RA(Up0xPys + VryOyly)
ax) = 2[ dx'V D/ hug
o Dirac equation =———> Generalized Weyl's equation

gmil® = Z fon [V ]etGo% Slowing down group velocity (eventually to zero)

Mm=—u0

Park, Son et al, PRL (08) Park, Son et al, Phys. Rev. Lett. (08,09), Nano Lett (08)

Transport properties of graphene
- Superlattices

Graphene Superlattice

- Velocity renormalization under 1-D superlattice
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» Velocity across barrier is never reduced (Klein paradox)

Velocity decreasing

Velocity does not change * Velocity along barriers are strongly renormalized (reduced)

 Klein tunneling + Dirac cone is distorted to oblique shape in momentum space

Park, Son, Louie et al, Nature Phys (08)




Graphene Superlattice
- Perfect zero velocity in one-direction

0 05 1 15 0 20 40 60 ViiI=Vo
Uip (&V) L (nm)

» For some critical U (or for some critical period L with fixed U), velocity
along barriers is renormalized to zero

* Hence, we achieve one-dimensional graphene nanoribbons states
without any cutting of sample

Transport properties of graphene
- Superlattices

From isotropic Dirac cone to wedge shape one-dimensional dispersion !
(Direct consequence of chiral nature of carriers in graphene)

Park, Son et al, Nature Phys (08), PRL (08)

Graphene Superlattice

- Collapse of chirality or helicity

Graphene Superlattice

Graphene SGS —
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- Prediction of electron supercollimation

Graphene
6.= 0°

max o
05um | PSS

Graphene
0,=45°
A§=35"
SGS
6.=—1.1
AB=0.3

E(ke)=Egq k=532 +§12

o

E(k,) = Ey = hvy 0.17/L = 0.02 eV

» One directional propagation of electron wave packet with negligible spatial
spreading (0.1 mm propagation with 500 nm spreading)

+ Analogue to quantum Hall edge state ?

» Possible quantum interferometry




Strained graphene

Graphene is the strongest material ever measured &
the thinnest membrane ever created
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J. Hone, Science (2008) B. Hong, Nature (2009) N.-C. Yeh, Nano Lett (2009)

« Strains can be applied intentionally or naturally

Strained graphene

- Previous lessons from carbon nanotubes

AE, SO0 (x10)

aory (%)

L. Yang & J. Han, PRL 85, 154 (00) E. D. Minot et al, PRL 90, 156401 (03)

Strained carbon nanotubes: Metal-to-Semiconductor or
Semiconductor-to-Metal transition depending on chiralities

Strained graphene

Strained graphene

- Electronic structures with strains from first-principles
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« Strain along armchair direction (A-strain)
» No bandgap opening up to 26.5% strain

* Repulsion between K and K’ points

- Electronic structures with strains from first-principles
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+ Strain along zigzag direction (Z-strain)
* No bandgap opening up to 26.5% strain
* Merging two K points




Strained graphene

- Energy contours

Ideal 20% A-strain 20% Z-strain

r K r K T

* Mismatch between Dirac points and high symmetric points in
Brillouine zone (strain as vector potential®)

H=v0+f ——> H=v:0(F—A4)

* A. H. Castro Neto et al, RMP (09)
F. Guinea et al, Nature Phys (09)

Strained graphene

- Large magnitude of Z-strain
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* Merging of Dirac points induce energy gaps with Z-strains

Shiftdown of o*-bands toward to Fermi energy
» Very narrow window for gap in very high strains

« Coexistence of massive and massless electrons

Strained graphene
- Anisotropy in group velocity at Dirac point
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* Increase of velocity in direction perpendicular to strains :
improvement of mobility?

* Quick decrease of velocity in direction parallel to strains

* Var # Vg

* Vz #Vy

Strained graphene

- Effective Hamiltonian 1

H=—t2), [E(k)chcm,- + c.c.]
y ﬁ!! @ t,=1(5)  &(k) =Rl +2ne 1™ cos(k,a,))
LT

n=i1fta =13/ta <1 (>1)for Z (A) strain

Expanding £(k} around kp = aims_l(—%)
¢

&) = E(kp + ¢z, gy) ~ (4% — 1) %a,q, — iayg,

vy = tza,(4n% — 1)1/2,% =134,

— | H > vp0:q, + vyoyq,

Not sufficient for description of the results from first-principles calculations




- Tilted anisotropic Dirac cones

‘T__ ay a Next nearest neighbor hopping t’

. t’a : quadratic (g2) order in ideal graphene but
linear (q) in strained graphene

t, =t'(+a1) = t'(faz),

ty =t'(H(a —ag)),

X =ty/te <1(>1) forZ(A)strain

1) I
— | H' ~v,q.00

(v} = axth, (1 —x/n) (4 —1/9")"/?) - -

-

Choi, Jhi,& Son, submitted (09)

. . _ 2 5.6
U (superlattice potential) ~ H = VxOxPx + 0y py - 5.4 —e—A-strain
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Park, Son et al, Nature Phys(08); PRL(08,09)

* Increasing work function as increasing uniaxial homogeneous
€ MMM strain (strain as scalar potential)

a -« . » With very large strain, work function differs depending on the
) ‘ . ] X - < ) direction of strains

» Controlled charge transfer between impurities (metal) and

Choi, Jhi, Son, submitted (09)

graphene by strain ?




Strained graphene Strained graphene

- Work functions - Effective Hamiltonian

Effective Hamiltonian for ideal graphene

H = vp(oyp, + 02p2)
!
£
Effective Hamiltonian for strained graphene
strain(percent) H _- E T‘!ﬂ:aﬂ (pﬂ: - Aﬁ‘:) + ¢Et
« |sotropic strain : (almost) linear increase of work function a=0,1,2

» Strain is equivalent to effective ‘scalar potential’

Choi, Jhi, Son, submitted No energy gap for any homogeneous strains




