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Dirac materials

Materials whose nontrivial electronic
properties are a direct consequence of
Dirac spectrum E = vk: specific heat
~T, penetration depth~T, optical
conductivity~T"n,

Can be a collective state: 3He
superfluid, heavy fermion, organic,

high Tc superconductors, density wave
states

Band structure effect -- graphene
Not a Dirac equation (1928)
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Dirac materials vs metals

Metals Dirac materials
(3He included)

il

s occupied

E = v(k-k_F) E=vk,k F=0

Dimensionality of zero energy states in one less( at least)
In the Dirac materials. Fewer excitations at low T.
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 Narrow it down to d-wave SC and
graphene

* Though please keep in mind Hea3,
organic materials.

* Too diverse set to cover at once.
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Dirac fermions in d-wave SC

Nodal excitations near
gap nodes are exactly Dirac

Bogoliubov quasiparticles

Nodal pointsatp x=p_ vy

Differential Conductance (nS)
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Similarities of physics of Dirac
materials

* Impurity states in d-wave and in graphene

 Electronic nanoscale inhomogeneity in d-
wave and in graphene

* Playbook of d-wave Dirac fermions is to be
repeated in graphene

Except much faster, now that we know

what to look for

» More to be filled in: correlations, topological
excitations, WC
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Impurity states in ANY Dirac
point materials

AN(0)
e
T G (W)= = ¢ small
\'\A(’\") U
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Impurity states in ANY Dirac
point materials
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Impurity states in ANY Dirac
point materials
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Impurity states in ANY Dirac
point materials
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PHYSICAL REVIEW B, VOLUME 64, 0245XX

Impurity-induced resonant state in a pseudogap state of a high-7_ superconductor

H. V. Kruis,l*2 L Iv_[;ztrtin_.2 and A. V. E‘.-alatsk;nf2

T = U/(1-Go(Q)V)
Hence the pole at Go(Q2) = 1/U

I sign(U) 1

2 U’

Q=0Q'+iQ"
Intensity

\ _ Apg 1 1 N i sgn(U)
1 ~ 2UNp n2UN,| ! n[2UNg| ~ 2m|2UNy| |’
|

Q!

Lo H. Kruis et al, PRB 64,
7 Lok Alnras p 054501(2001); RMP 78, p373(06)
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Electronic properties of graphene

* Role of impurities in superconducting
graphene

* A. Geim “Graphene is a perfect
system”
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Robust samples:
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Chiral Fermions in Graphene

superposition spinors
of their (2 projections
wavefunctions of pseudospin)

two
sublattices
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Dirac fermions in graphene

K.E.=+v|P]

K.E. = +/m&* +v2P2 (&

m=0
v=c/300




Dirac Fermions in Graphene

Brillouin zone Tight binding model

A
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Electronic properties of graphene

* Repeating d-wave play book

* Role of impurities in superconducting
graphene

* A. Geim “Graphene is a perfect
system”
ﬂll)
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Graphene goes STM

S
S5,
=
=
T

;o . r . week ending
PHYSICAL REVIEW LETTEES & DECEMBER 2006

Real-Space Imaging of Alternate Localization and Extension of Quasi-Two-Dimensional
Electronic States at Graphite Surfaces in Magnetic Fields

= | = 1 .1 - . 2 . . 1.
NATIONAL Y. Niimi,” H. Kambara,” T. Matsui,” D. Yoshioka,” and Hiroshi Fukuyama ™



Modelling “dirty” graphene

Clean Graphene:

— ab initio
--- tight binding

0
5
5

AE (eV)

Wave vector

Tight binding model

Fradkin, E. Critical-behavior of disordered degenerate semiconductors. |1,
Spectrum and transport properties in mean-field theory. Phys. Rev. B 33,
3263-3268 (19846).




Single and double impurities

T. Wehling et. al., PRB 75, 125425 (2007)

Energy of impurity resonances:

Double Imp. == Double imp.:
Single Ime. —
lt - e

UO_ Ul —_ 3f
Single imp.:

5 10 15 20 25 30 35 40 45 50

2)
U, (V) E;

1m l
7 2
W2 - E;

imp




¢ Los Alamos
MATIOMAL LABORATORY

Impurity states in ANY Dirac
point materials
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Real space signatures |
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Real space signatures ||

Site projected LDOS
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Magnetic Impurities
Possibility of fully spin-polarized imp. states
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Power law decay of imp. states: ON~1/r ------ > Long range exchange

T. Wehling et. al., PRB 75, 125425 (2007)
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Electronic properties of graphene

* Repeating d-wave play book

* Proposal: to image local electronic
properties, defects, dopants etc

o Similarities with defects in d-wave

* A. Geim “Graphene is a perfect
system”
ﬂll)
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Superconducting graphene:
proximity induced SC

Predicted Morpurgo, Nature, e
DOS, not March 1, 2007

measured yet!
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38*8 Bogoliubov de Gennes

* One has to deal with 8 component
sSpinors:

2 valley® 2sublattice*2(u, v) =8
components

SC pairing in graphene really engages
valleys in a nontrivial way
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Superconducting graphene

Proximity effect -> SC gap

H = —ihvf (0101 Q70— 0202Q73) QN0+ A03070 QA1

A

. L“SAIEME (C. Beenakker, PRL 97, 067007 (2006))



Impurities in SC graphene

Scalar (cell averaged) impurity

V0=0 —
V(=5 —

E (bandwidth)

5 10
7 V1 (bandwidth) (gap = bandwidth / 10)
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Real space fingerprint of
impurities

Density of intra gap imp. states

Asymptotic decay

Ringstrudss

at consts

0 1 2
r (v /bandwidth

gap = bandwidth/10)
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Electronic properties of graphene

* Repeating d-wave play book

* Proposal: to image local electronic
properties, defects, dopants etc

o Similarities with defects in d-wave

* Role of impurities in superconducting
graphene
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Similarities of HighTc with Graphene |I:
nanoscale inhomogeneity

* Dirac spectrum of qp

* Micron mean free path, very clean

« Strong electronic (~ 50% charge)
iInhomogeneity that coexists with

* the long mfp for low energy electrons  A.Yacobi

STM confirms similar inhomogeneity
Stroscio et al, E. Andrei et al

TTTTTTTTTTTTTTTTTT



STM data by Stroscio

Science, v 317, p 219, 2007

Patterns are more homogeneous at lower doping

» Los Ala
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STM data by Stroscio

Science, v 317, p 219, 2007

Patterns are more homogeneous at lower doplng\/\

W [ow cnav% DC— 54’«@)
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STM data by Stroscio

Science, v 317, p 219, 2007

Patterns are more homogeneous at lower doplng\/\
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Inhomogeneity as an energy dependent property: low energies-homogeneous
Higher energles inhomogeneous

|
(1) o3
Ma
LDops ap A as
E->0 functio
oo o of
location:
gapmap'
Weak
dispersive, Sy BRI
LDOS . .= nanoscale
: 2> disorder
modu;aflon ki,
B ;“ S A0S g,,,, 'QC(p map'
for all (r e

E<O.bA Long mean free path can coexist with mhomogeneltyA(r)
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Bilayer electronic structure

E, L, =1t 12+4/(t, 12)°

Kissing point that is highly
susspectible to the gap opening: possible states:
Ferrimagnetisim ( Stoner), AC Neto et al

_AlNigner Crystal/Commensurate CDW: AVB, H. Dahal et al.
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Negative compressibility and

Charge ordering in bilayer

graphene

« CDW instability in Bilayer graphene
due to parabolic “kissing point”

* Negative charge compressibility, AH C
Neto etal, H. Dahal etal.

H. Dahal, submitted 2007



http://xxx.lanl.gov/abs/0706.1689

Another §IA
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What is going on? Why we do not see a Dirac cone?

Conjecture:
Inelastic effect due to electron-phonon coupling. Phonon energy is 60 meV

And momentum that connects Gamma and K point.
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WEHLING et al, cond mat April 2008

Band structure and tunneling

Quasi free electron states (l\
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WEHLING et al, cond mat April 2008

Vacuum decay of graphene
wave functions

~honon
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Decay constants:  Teband for flat graphene: 47
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WEHLING et al, cond mat April 2008

Electron phonon interaction

Scattering between the Dirac states and the quasi free states

Non zero DOS N _(E) in quasi free channel for |E|[>w

Tunnelling through quasi free states greatly enhanced:

dI/dU ~ |¥, ) + [V "N (E)

forz=5A
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WEHLING et al, cond mat April 2008

Tunnelling vs. total DOS

Density of states for different coupling constants (A=0-0.7eV)

total DOS virtually unaffected

nearly free states' DOS
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WEHLING et al, cond mat April 2008

STS for different amounts of
doping

DOS of quasi free electron channel for different chemical potentials
(1=-0.4...4+0.4eV)

—0.5 0 0.
Energy (eV)
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Conclusion and future directions

Strong cimilarities across classes: Dirac fermions as one
realization of correlated and low dimensional electronics.

Growing list of materials with similar properties:

Similar physics of Impurity states in high-Tc and in
Graphene, normal and superconducting.

Expect new physics at nanoscale that has no precedent
In “nicely behaving” bulk materials.

Electronic inhomogeneity and impurity states is a reality
in graphene inspite of micron mfp. Similar story to highTc

One needs adequate tools both theoretical and

experimental to address inhomogeneity, frustration and
local correlations.
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