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 Engineering electronic properties 

• Density of states and Landau levels in graphene 

• Scanning tunneling microscopy (STM) and spectroscopy (STS)

• Defects:

Atomic collapse and artificial atom

Kondo effect 

• Substrate:

Twisted graphene 
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Landau levels  in graphene from Dirac-Weyl equation
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Graphene and conventional 2d electron systems

Conventional

semiconductor

Low energy excitations Density of states
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Landau levels: graphene and conventional 2D ES
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Populating Landau levels
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Summary
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Scanning tunneling microscopy and spectroscopy

 Engineering electronic properties 

• Density of states and Landau levels in graphene 

• Scanning tunneling microscopy (STM) and spectroscopy (STS)

• Defects:

Atomic collapse and artificial atom

Kondo effect 

• Substrate:

Twisted graphene 
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Scanning Tunneling Microscopy (STM

STM measures tunnel current across a vacuum barrier

r )(

0

exp),(),,( rz

eV

drVzrI
b














 

Vb

z
Vb



E.Y. Andrei

r )(

0

exp),(),,( rz

eV

drVzrI
b














 

Scanning Tunneling Microscopy (STM

STM measures tunnel current across a vacuum barrier

Vb

z Topography: 

Imaging Atoms

Spectroscopy:

Density of states

I ,Vb constant z constant 

),( bb VrdVdI r)(exp),( rzzrI 

-400 -200 0 200
0.0

0.2

0.4

0.6

0.8

1.0

d
I/
d
V

 (
a
.u

.)

Sample Bias (mV)



E.Y. Andrei

Rutgers Low Temperature High field STM

 Rutgers STM

– Temperature T=4 (2K)

– Magnetic field B=13 (15T)

– Scan range 10-10 -10-3 m

Topography a structure

Spectroscopy a Density of states B=0 

Spectroscopy a Density of states B>0

Liquid Helium

Low temperature STM

Air Springs
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Graphene on Graphite : the Perfect substrate 

topography B=0 spectroscopy B>0 spectroscopy
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Vacancies: Inducing local magnetic moments and charge 

 Engineering electronic properties 

• Density of states and Landau levels in graphene 

• Scanning tunneling microscopy (STM) and spectroscopy (STS)

• Defects:

Atomic collapse and artificial atom

Kondo effect 

• Substrate:

Twisted graphene 
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Perfect Graphene

Carbon 
• No d, f electrons 
• But partially filled p shell 

Magnetism: Spin of localized electrons 

in partially filled inner d or f shell .

Graphite, graphene, …, Carbon allotropes  

? Non-Magnetic ?

sp2 Carbon
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Magnetism and Perfect Graphene 

...repulsive Hubbard model + bipartite lattice + half-filled band:

spin of ground state with NA, NB populated sites: 

S= 1/2(NA- NB)

Perfect graphene 

Non-Magnetic!

Vacancies z NA>NB a magnetic moment

A.H. Castro Neto et al. Solid State Commun. (2009).

T. Wehling,. Phys. Lett. (2009)

O. Yazyev, et al Rep. Prog. (2010). 

M. Vojta et.al, EPL, 90 (2010) 27006

T. O. Wehling, Phys. Rev. B 81, 115427(2010)

J. O. Sofo, et al Phys. Rev. B 85, 115405 (2012)

Pristine graphene (graphite) NA=NB z S=0
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Imperfect Graphene – Vacancy Magnetic Moment

E

DOS

Dirac

bands

 Dangling bond a localized state  a 1B

pz a quasi-localized state on other sublattice a ~0.5-0.7B

Zero mode peak at ~Dirac Point

Zero mode peak

Yazyev & Helm (2007),

Popovi’c, Nanda,  Satpathy (2012)

DOS

Broken 

AB 

symmetry 

E
n
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rg
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remove  

Carbon atom 



E.Y. Andrei

Vacancy Properties

Y Liu et al (2015)

Padmanabhan & Nanda (2016)
Yazyev & Helm (2007)

Interaction of 

ultra-relativistic electron

with Point charge ?

Charge ~  +1|e|

Interaction of 

ultra-relativistic electron

with magnetic moment?

~  1.7B
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Vacancy Charge and Tunable artificial atom

 Engineering electronic properties 

• Density of states and Landau levels in graphene 

• Scanning tunneling microscopy (STM) and spectroscopy (STS)

• Defects:

Atomic collapse and artificial atom

Kondo effect 

• Substrate:

Twisted graphene 



E.Y. Andrei

Pristine graphene

Katsnelson, Novoselov,  Geim (2006)

Klein Tunneling

Pseudospin + chirality a Klein tunneling 

a no backscattering

a large mobility

Katsnelson, Novoselov,  Geim (2006)

No electrostatic confinement

• No quantum dots

• No switching 

• No guiding

Can one use a point charge to control the carriers? 
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Electron in 1/r potential : Bohr atom
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Electron in 1/r potential : Bohr atom
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Dirac 1928: Total energy of Electron near nucleus of charge Z :

Bohr atom: QM+ Relativity a Atomic Collapse

Zc ~1/ =137

1  cc Z

22 1  mcER

e-+ Positron

Z

Atomic Collapse

Spontaneous positron emission

Atomic Collapse

 solutionNo1

Pomeranchuk and 

Smorodinskii (1945))

c ~ 1.24 a Zc ~170

Regularize problem 

finite size nucleus: r0~10-15 m

QM+RELATIVITY : 

atom collapses

Zc~170

END OF PERIODIC TABLE

In fact 

Periodic 

table ends 

earlier
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Relativistic Electron in 1/r potential

relativistic massive Bohr atom
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Ultra-relativistic  Electron in 1/r potential

No bound states

Klein tunneling
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Ultra-relativistic Case

Shytov,  Katsnelson, Levitov 07

Pereira, Nilsson,  Castro Neto 07

 Type of carriers is reversed as EF crosses DP

 Klein tunneling couples electron-like states at small r to hole-like states at 

large r
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Wang et al Science 2013
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Uncharged metastable state 

Stabilized by strain or substrate

Can one host a stable charge in graphene?

Y Liu et al (2015)

Padmanabhan & Nanda (2016)

Charge ~  +1|e|

Metastable (+50meV) 

50meV

UnchargedCharged

Ground state
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Making Vacnacies in graphene

1nm

Pristine

20nm20nm

Irradiated

STM Topography

Single atom vacancy g triangular structure.

Sputtering with 

100eV He+ ions

M. M. Ugeda, et al PRL 104, 096804 (2010).
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Charged Vacancy Spectrum - Artificial Atom
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 Zero mode measures vacancy charge

 No zero mode in perfect graphene

D. Moldovan, M.R. Masir, F. Peeters, 

Charged vacancy

J. Mao et al, Nature Physics 2016 
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Vacancy in Graphene/hBN
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Negligibly small  charge!

Zero mode measures vacancy charge

As prepared vacancy 

Zero mode
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hBN
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Charging a Vacancy

J. Mao et al, Nature Physics 2016 

Pulse on vacancy
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Charge Buildup
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10nm

Collapse peaks extended ~ 20nm

ZM peak tightly localized ~ 2nm

J. Mao et al, Nature Physics 2016 
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Spatial Dependence -Artificial Atom

B
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Captured electron state 

surrounded by halo of hole states

mechanism to confine electrons in graphene
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J. Mao et al, Nature Physics 2016 
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Asymmetric Screening
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Gate controlled switch for trapping and releasing carriers
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1/2  Fgraphene ve 

Summary of part III

• QED Fine structure constant measures strength of electromagnetic interaction

• IN QED interactions is weak a periodic table could survive to Z~137

Question we can  ask:

Physics at large ?
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c

e
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• In graphene fine structure constant is large a strong interactions 

• “Atomic collapse” observable already for Z ~1 


