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Graphene is the Mother of all Graphitic forms

2D

3D

Graphene is a 2D building block material for other sp? bonded carbon
materials. It can be wrapped up into 0D fullerenes, rolled into 1D nanotubes or
stacked into 3D graphite
from A. Geim
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Graphitic Materical

- .--—--"."--... _.---"""“*--._0
/ / /
-
/. ,_—".‘M.__: et —~—— __...-—-'"‘."--..,“.
i
-
S— ..----"'"""--.i —— =S _.---'""‘.

7
o 2 ’/-\_}. = & i___#_;ﬁ\/.
/
O L e

74 /
- _.---'"".""-u\__' ____.---"."--..__‘. —-/""‘"--.‘

/ / /

RPCMO8- |PM




Graphitic devices

Many graphene devices are similar to nanotube devices

Current Graphene technology:

— Mobility (~20000cm?/Vs) can be further improved
— Ballistic transport on submicron scale

— (as sensors to detect small gas concentrations

A band gap can be openead by quantum confinement
effects on armchair graphene ribbons

A band gap can be openad by placement of a graphene
sample on a substrate, such as SiC to form a weak
surface charge layer

"%nm hﬁ|Fir'I?Fi1'lhl'1 can be maintained over submicron
dlstances

Interesting proximity effects are observed in graphene
when using superconducting and magnetic elecirodes
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Atomie Structure

Carbon has 4 electrons in the outer s-p shell

2
SP hybridisation forms strong directed bonds
which determine a honeycomb lattice structure.

b

Two non-equivalent Two non-equivalent
carbon positions K-paints
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Reciprocal lattice in 3D:Review

Brillouin Zone in Reciprocal
Lattice

111

110
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Dispersion Relation in 3D
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Band Energy Effective Mass
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Dispersion Relation in Graphene
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only repeats
in pairs of 2!
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Dispersion Relation in Graphene

filled states
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* Next we like to locate the conduction points in the 2 dimensional k space:

T__X a —ax+Qv—Aaox+*réaﬂy
Unit - _ o~ ~ . 3 .
Cell a, _m_by_%a{]x_ﬂréany

—

k=ki+kp

N Fa da ) i(kya+k,5) f{kxa—kyb})_ ( ik,a )
f‘rﬂ—f(l—l—e '+e 2)—1‘(1+ie€' +e =i{1+2¢™" cosk,b
* To find the conduction points we need to set |h(k)|=0. So we need to find |h(k)|:
) 2 _ Y. 2
k| = hohy =1t (1+4cos k,acos kb +4cos kyb)

50,
‘ho (E)‘ = r\/l +4cosk,acosk b+4cos’ kb

“bal ‘hn (E)‘ = le +4coskacosk b+4cos’ kb =0

* Let kxa=0 and investigate h(k) as a function of ky.

hy, :r(1+2cos k},b) fork,=0= kb :%to geth,(k)=0

* Let kxa=pi and investigate h(k) as a function of ky.

hy = t(l-2cosk,b) for k, =7 =k b= %tﬂ get b, (k) = 0

( N
Conduction g (0, 2 77 /3b)
Valley gl | B> (/a3
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alley Degeneracy

Translating two
of the comers in
}5’ each group of 3

Conduction

Va.l]ey
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Review: C2DES vs 2DEG

Graphene 2DEG

Y
Y

k DOS
o E(k.\) = \avek, no gap o E(k.)\) =
@ DOS(E) :=1/AON/JE x E gap (1.4 eV for GaAs)
@ Two valleys s and spinor @ DOS(E) = const

wavefunction (A,B) @ Eigenfunctions are plane waves
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Review: Mono- and Bi-layer

5 . _ /,»_' __ -
w T"f’ \  Monolayerand \/,,
Ve WV V. bilayer graphene D
-~ o g e LS e
] /\

Wallace, Phys. Rev. 71, 622 (1947)

" McCann, VF - PRL 96, 086805 (2006)

ki 7 B-P)o =P,

Bloch function amplitudes on -
the AB sites - ‘isospin’
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Pseudospin

& & 3
L4
BB Y yalley index
& B B y
_J 2 ‘pseudospin’
O OB L Brillouin
AP &
zZone
/ N (¥}
0 7 Pas K, 4
IT‘} T 0 Pp. :
= L/
; k
-z 0 /. '
\ /) NPy )

Two non-equivalent

B _ K-points

T =Py TPy  gublattice index
+ ‘isospin’

T =p,—ip,

Also, one may need to take into account an additional real spin degeneracy of all states
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Chirality

Bloch function amplitudes (e.g., in the valley K)
on the AB sites ('isospin’) mimic spin components
of a relativistic particle.

W)
| . y= ]
- O o [wl
H=v _ =vO:-p
p,.tip, 0

Chiral Dirac-type (relativistic) electrons: isospin of plane waves is linked to the
momentum direction, which determines unusual transport properties of graphene.

&=Vp conduction band p=(pcose, psing)
Gacl F
* H —
/2
c-n=-| p 1 e’
o 1 = — , p ,}[/_ — ol -
‘:u.ﬁ;___r,...f:" valence band P V2 + e—lﬁﬂf 2

chiral plane wave states

RPCMO8- 1PM

16



How do we determine Fermi Surface?

Electron ‘chirality’ and ARPES in graphene

e’ 0 E=Vp
—ig/2 !
— w'{ =1 ¢ £ P
v ' A .: ----- ‘-‘: FFFFFFFFF - photoelectron
.. ] O : ''''''' Rﬂ momentum
L eion
N L T . 2
I . Ei'k [Rg R, }—fqu'.-" 2 4 Eik-(ﬂ:. —fg _Jll-H'gtJ.'" 2 . - E%FE'{R_{ —Rp+@) 1 E—%k{ﬂ_g —Rg+@)
i N T
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Evidence: Exp. Observation

Electron ‘chirality” and ARPES in graphene

Relative phase on sub-lattices
due to the electron chirality in
graphene makes
each pattern anisotropic.
Thus, ARPES give a direct
image of chiral states.

. Bostwick, Ohta. Seyller,
tr |QUUH| Horn, Rotenberg
Wwarping Nature Physics 3, 36 (2007)
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Bilayer Graphene

Electrons in bilayer graphene

Slonczewski-Weiss-McClure parameterization for Bernal stacking

. 0 vr)
0 wvr’

T 0

(0
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Summary

Summary of band structure:

chiral electrons in monolayer and bilayer graphene

0 z*) ([ 0 :
H, =cv 4 + 1 . 4
t\xr 0 (r7) 0
ualleyl_ — 'trigonal w}ping‘ terms
i . 0 e ﬂ 0 ;fz"
A A Y i
© 2m\7* 0 7~ 0

dominant at intermediate energies

— 3 - i@ + _ . _ _ip
ﬂ-'—px-FIp}_,—pE T —px—rp},—e
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Summary

Chirality and ARPES
just above Iwcniz E . o @ just below
Dirac point ' I~sm 2 | Dirac point
+0.06eV |

- 1 o
bﬂayer
+ 0 03eV =—0.35eV

=—0.15¢V
- cos’ I ~sin’(p)

ARPES of low-energy spectrum near the Dirac point can be used to determine sign of y,.
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Gapped Graphene

&:£A—EB

+A2 A2 n +A/S2
A2 \'%"2 S/ g" :L Substrate-induced AB asymmetry

v

( L\-/Z Vpé?_w ] Energy fixed at —0.2el”
- (a)

q {hj .

Al2=005el

(d)

Al2=015F A2 =018l
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Transport in Graphene

Interference correction: weak localisation effect. ..
w~ |A_+A = AP+ A HA A +4 4]

o HPZI {fefont ?‘;ﬂc e
e e’ g A =4

v 2
A A4 = A >0
eg WL = enhanced backscattering in
F=0.,— ]11(’:'@9 / r) S | {ime-reversal-symmetric systems
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Transport in Graphene

~but ...
w | A+ A P= AP+ AP HA A +4.A]

J;;f"“{:tégﬁ_ WL = enhanced backscattering
N for non-chiralelectrons in
time-reversal-symmetric systems

WAL = suppressed backscattering

/" \ for Berry phase 7 electrons
P in

f’ chiral electrons =& "% Dy,
.
4 <0

b 4:4; _ 127D | Ac ‘2= _
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Transport in Graphene

. but ...
w~ A +A P=|A P+ AP +HA A +4 4]

WL = enhanced backscattering
for non-chiraljelectrons in
time-reversal-symmetric systems

e

=0, + lIl(IIlin[r Th ] / E‘) WAL = suppressed backscattering
- 2mh ¢

for Berry phase 7 electrons

chiral electrons ¥ = g N ’szgym

O pf-mmmmmm o " .
AL =D | 4 F=m| 4 F<0
= Suzuura, Ando - PRL 89, 266603 (2002)
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Transport in Graphene

weak trigonal warping leads to a random
] however . phase difference, § for long paths.

— =

AN H=06p— ,u(( p.—p,)o,.—2p.p.o, )+ Tu(r)

EJ / 10 4O . i0 Aén) /.;/‘
i S ) . . ' "
Z'f’lzc}fng-:ﬁ:__ - 0= Z[‘E{p_; )_ 'S{_P.:' )]I_;— / v /"

TP * 5(-H)

o= _|_ II](I]'IIH{ ] / T) Some types of disorder lead to a
Zﬂﬁ similar effect.

walelectrons M
o * _ RA(EIT 4 2 2
_fcff‘;_:ﬁf [ A \L/"J;L <0

—

McCann, Kechedzhi, VF, Suzuura, Ando, Altshuler - PRL 97, 146805 (2006)
B for bilayers: Kechedzhi, McCann, VF, Altshuler - PRL 98, 176806 (2007)
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Diraec Massless: Evidence

m iy
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n (104 emd)
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e
- m ~+/n
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Quantum tfaﬂspoﬁ measurements
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Quantum transport
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K. Namura and A. H. MacDonald PRL 98,076602 (2007)
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Minimum Conductivity?

Conductivity

iV, ) =
: {E

-50

Tan et al. PRL 99,246803 (2007)
Adam et al PNAS 104, 18392 (2007)

By

e n*

? Ry

2 form >n

+

for m << n®
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Suspended graphene

C . _
LT & — 20K a !EI |
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Xu Du et al. To appear in Nature (2008)
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Scattering mechanisims

*Charged impurities

*Neutral defects ( short range scattering)
Interface roughness

*Ripples

*Phonons, etc.

*\-1/2 3/2 [ 4
~ T T<<1 10 (1978)
lucharged (m%) u(M)=|T<<1 3x10° (2000)

T =300 2000 (2000)
“\5/2 a5
~(m, T

2D Semiconductor & accousricmode

5/2 Zop
A STEE
:uoptical mode " (me) T € -1



Chiral Linhard Funetion

- . d?k de
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X 00 p#F0) = xgq (a,i02, p = 0) Xao (A 18Y)| =5 TN R

2 . : . - [ . 2
i [
_ d e |arcsin (E'H_F:ﬂ) + (E'H_l_:“) [1— (3;L+:ﬂ) . (29)
St/ + 02g vg VA vq

, _. : 1 q
lm Yoo (.19, # 0) = == 4 O (—) i xoo (@, 0, # 0) = T

/

RPCMO8- 1PV 33



Chiral Linhard Function

g _ 959V [ g2 ¥ (k) PELE ) = ne(EY (k + @)
°(@.cn) G otk S e

(2m Nt ) — EX (K + q) + ihwn
, 1 Kk + gcosy
AN (k,q) = §(1+Ak |kq+q| ‘P)

@ Summation over bonding and anti-bonding bands A, \,
E* k) = \hvek

@ Wavefunction overlaps " (k. q)
@ Linear energy dispersion E*(K) = \ave
We calculate at zero temperature (i.e. we assume . /kg > T).

In RPA approximation electron-electron interaction treated
self-consistently

0 )
\(q.w) ~ e = 2(@w) ~1-ve’(g.w)

Vg4 is in-plane Coulomb potential.
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Plasmons

CZDES vs 2ZDES

2DEG
i T T T T
| (b)
L 4k
E o
o | T
§ 2k o
y SPE
| !
% I >
q/Kp

@ Damping due to interband excitations absent in 2DEG. Stability

Graphene

3
()

-3

o/Er

SPE inier -

E. Hwang, S. Das Sarma, cond-mat/0610561

regime increases proportional to doping . For p=T =0
plasmons are always unstable, however not at T>03

2DEG
x’@)
A0+
0.8
0.6
0.4
0.2
1 2

). 2
%0
x (1) 5

1

0.5

Graphene
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Chiral Linhard Funetion

S 4 g PRB (1986)
L Wang PRL 99, 236802 (2007)
- Wunch N J P. 8, 318 (2006)
Hwang PRB 75, 205418 (2007)
Valence
chi
x%(q.i£2)

Barlas, Tami, Asgari, Polini _
MacDonald PRL93, 236601 (2007) ., 45 1 Omega-
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Ground State Energy: RPA

E(l) = E(0)+E +£f1d,xfdz_qy —ifﬁ'dﬂ [\, 12) — X (a2, £ 0)]
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Spin Suseptibility

Xs/X0

XE iF E'I'[:E &=l ‘

Ime? 2 1 2 #bsia((]]
f=v T
F

cvli

Barlas, Tami, Asgari, Polini MacDonald PRL 93, 236601 (2007)




Compressibility

ol ' ' N2
f n=0.10x10 ecm™ ——
. _| n=04010"" em™® |

| Claan

i naniniaracting

0 =1

Asgari, et al PRB 77, 125432 (2008)
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Self-enery
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Spectral function.: Open Gap!

> 3.0
2.4
_1-8 C4

0.6 s

Polini, Asgari, Barlas
Tami, MacDonald
PRB 77, 081411 (R ) (2008)
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1 |ImE k, w)|
m
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e-h Pudd/es

Martin et al. Nature Physic 4, 144 (2007)
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ieg(n) = spagF(A)

F{A) = %lnmj +—

+

belge) = (7.75006 — 0.08371 alFUET) . 1077

1+ b, At

XC in Graphene

by = 38642 = 1077

ag = 00173671
g = 1.6TH4

r

Ei; E[aE,J In{A)

i 1 1 1 1 ] L |

Fitting,
|

g
Dar T (orge ) L/ kg

L+ b, Aeciog)

E(&EEJ = &5

o 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

2 Ja

[ dplage} = —1/(62.0063 + 57351226 ag) 1 f.|.g.;. dr

celge) = 1527 40,0230 ag, — 0.001201 a2,

Polini, Asgari, MacDonald, CM/0803.4150

(1+ 22T+ 2T + mag/8)
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(n} {meV)

]
]

x

XC potential in CZDES vs 2DEG
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DFT in Graphene

1§
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v - p+ L Visi(r)| day(r) = cydy(r)

ndcaln
AVhir) = ff-r o afr'y . () = %

Nimp 2 FIG. 2 (Color onlineg) Top lafe pansl: a color plot of the ac-
Vext[r) = — Z £ ternal potantial Vil r) (in units of kv/L) as a function of
st - - e |r — Fy|F + &2 z/L and y/L. The system parsmeters are N = N, = 128,
i= ke = (2r/L) % 10, Nimp = 40, & = +1, e = 0.5, @ = D,
and d/L = 0.1. The amall circles represant the positions of
the impurities for a particular realization of disorder. Top
_ t right panal: a color plot of the corresponding non-interacting
n(r) =4 Z EA(r)2alr) ground-state density profile éniv) (in units of 1/L%) as a
Afoce) function of x/L and /L. Bottom left panel: Hartree-only
_ A 2 B 2 d-state density profile. Bottom right panel: same as in

= 4 5 groun ¥ P p
J«%:;ﬂ”?l (m)I” + lea ()] the bottom left pansl but with the addition of the ecchange

and RPA correlation potential.

Polini, Asgari, MacDonald, CM/0803.4150



Thanks for your attention

IHEORETICAL PHYSICS AND
MATHEMATICS
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NeiEl)

Figure 1 The band struchure of graphene. a, The experimental energy distribation of states as afunction of momertum aong pincipa directions, tgether with a
single-oroital model (solid lines) given by equaton (1), b, Constant-energy map of the states at binding enargy correspondirg to &, together with the Brillouin zone boundary
(deshed Ing). The orthogonel doutle arrows incicate the twe direcions over which th2 datain Fig. 2 were acquired. ¢,d, Constant-energy maps at Ed=£y +0.45) (¢) and
Ep—1aVid). The faint repliza bs
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Minding the gap in expitaxial graphene

SIC substrate,
gap i1s 0.26 eV

[

10

4.5

E-E, {2V}

ey @ uni)

-1.0

.2 ) . ; i : 0.2 k0o 02

FIG. 2: (a~c) ARPES intensity maps taken near the K point for single layer, bilayer and trilayer
graphene samples respectively. Data in panels (b} aad (c) are taken along 'K direction and
symmetrized with respect to the I point to remove the strong intensity asymmetry induced by
dipole matrix element [11]. The solid lines are dispersions extracted from the EDNC peak positicns.
The dotted lines in panels (b) and (2) are ocbtained by symmetrizing the extracted dispersions with
reapect io the K point. The light blue shaded area labels the gap region and the arrcw labels
Ep. id} ARPES ‘ntensity map taken near the H (k;=m/c) point of graphite, where the dispezsion
resembles graphene. (e, f) ED'Cs taken from the raw data (without symmetrization) for momentum
regicns labeled by the arrows in the bottom of panels (B} and (¢]. Red and blue symbols label
peak positions n the ELMCs.

Zhou et al. Nature Material 6, 770(2007)
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Single impurity

1000

b I

dniz,y = L}1)
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Pseudospin, Helicity and Chirality

0 ek,
Helicity (particle physics) ! - l
From Wikipedia, the free encyclopedia H = }Iw I J) = FWF ﬂl k i

In particle physics, helicity is the projection of the angular mementum to t\ k
the direction of motion: I

Because the angular momentum with respect to an axis has discrete
values, helicity is discrete, too. For spin-1/2 particles such as the
electron, the helicity can either be positive - the particle is then "right-
handed" - or negative - the particle is then "left-handed".

For massless (or extremely light) spin-1/2 particles, helicity is equivalent
to the operator of chirality multiplied by h/2
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