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*@1&&11%%-: I\)*)Lﬂﬁwﬁﬁ Scanning tunneling microscope (STM)
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Background and motivation

éraphitic materizh

Graphene shows specific physical
and chemical properties among the
graphitic materials due to its unique
electronic structure

@ro-gap semiconductor Linear dispersion

g ———— | | _ Dirac Point

Massless Dirac fermions

\Carbon nanotube (1D) /

k Graphene band structure /




Graphene shows specific Landau levels under magnetic fields

Landau levels in 2D electron gas
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Effect in Graphene
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K. S. Novoselov,” Z. Jiang,>? Y. Zhang,? S. V. Morozov,” H. L. Stormer,” U. Zeitler," ]. C. Maan,”

G. S. Boebinger,” P. Kim,** A. K. Geim™ _
Novoselov et al., Science, 315 (2007) 13@

Large energy difference of graphene Landau levels is
known to lead to Quantum Hall effects at room temperature




Graphene Landau level appeared atB =0T

/ Nano-bubble of graphenﬁ
on Pt(111)
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Inequivalent hopping
~
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Non-uniform shear strain \

Inequivalent hopping
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Ando, et al., Phys. Rev. B 65 (2002) 235412.

Neto et al., Rev. Mod. Phys. 81 (2009) 109.
Gauge field
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Geim, et al.,Nature Phys.6 (2010) 30

Pseudo-magnetic field
éS = ? X A /
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Landau levels appearance are ascribed to the
strain-induced pseudo-magnetic fields



We have also observed Landau levels at B = 0T

Potassium (K) partially intercalated graphite
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D. Guo, T. Kondo, J. Nakamura, et al., Nature Communications 3 (2012) 1068




Our proposed “domain model” for pseudo magnetic fields

On-site potential of carbon calculated by DFT

Equipotential contour Potential gradient
Equivalent hopping in Inequivalent hopping along
the contour direction the gradient direction

Gradient of on-site potentials results in inequivalent hopping



Recent progress

To prove the domain-model as another
origin for the pseudo-magnetic field

$

We have observed Landau levels of
bilayer graphene at the atomically flat

Clrea of nitrogen-doped graphite at B =0 5

~




Experiment 1. Cleaning of HOPG surface
(1) Cleaving HOPG at atmosphere
—‘!! R r % ! ~ (2) 940K annealing (30 min.) in UHV

Low temperature STM
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- B3 Nitrogen doping

(1) Nitrogen ion bombardment
(N/C : <0.04, 0.04, 1.9 at %)
(2) 940 K annealing (30 min.)
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STM

Highly oriented pyrolytic graphite
(HOPG)




N1s XPS spectrum of nitrogen doped graphite

N-HOPG (1.9 at%) after 940 K annealing
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Graphitic nitrogen (positively charged N) is dominant



STM image of nitrogen doped graphite

N-HOPG (<0.04 at%) after 940 K annealing / A AN

it
_nitrogen

Scan Size 10 X 10 nm?, I, =100 pA , V, =-109 mV

Pyridinic
nitrogen

Scan Size 50 X 50 nm?
I, =100 pA, V,=-109 mV Scan Size 10x 10 nm2, 1, = 100 pA , V, = -109 mV

Two types of defect are observed !
T. Kondo J. Nakamura et al., Phys. Rev. B 86 (2012) 035436
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Pyridinic
nitrogen

Negatively
charged
nitrogen
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STS spectra on nitrogen doped graphite

N-HOPG (0.04 at%) after 940 K annealing e A
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Many peaks appear in STS spectrum




STM and STS on nitrogen doped graphite at B=0T
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Landau levels of bilayer graphené appear at FLAT area!



Why LL-like peaks appear in STSatB=0T

Nitrogen doped-graphite ‘ Schematic image of potential
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Gradient of on-site potentials around graphitic nitrogen

DFT calculation of nitrogen dope bilayer graphene
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On-site potential of carbon next to nitrogen is
1.5 eV lower than carbon far from nitrogen!
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Summary

 Landau level peaks of bilayer graphene are observed
in STS at the atomically flat area of nitrogen doped
HOPG atB=0T.

e Domain model can explain the LL appearance.
(difference in the on-site potential)

Strain K-intercalated

Nitrogen

>

Science, 329, 544 (2010) Our weik Our work

Natyi'e comm., 3, 1068 (2012) Scientific Reports 5, 16412 (2015)
Nanobubble on Pt K-free domains (Nanovalleys) N doped-graphite



