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

- Control voltages for piezotube
Low temperature STM . o
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@raphitic materizh Graphene shows specific physical

and chemical properties among the
graphitic materials due to its unique
electronic structure

ﬁro-gap semiconductor Linear dispersion

4 - | Dirac Point

Massless Dirac fermions

K Graphene band structure /
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Background and motivation

Non-bonding 7 electronic state (edge state) of graphite

/ Key electronic state \
Propagete to

perpendicular (- Graphene devices
direction * Graphene spintronics
< =Graphite magnet

Y * Graphite superconductor

phys. Rev. B 73, 085421 (2006, o\ Active site for catalysis
E,

n

Scanning tunneling spectroscopy (STS) measurements verify the states

zipzag edge
5

Fukuyama
group

Enoki group

dl/dV (nA/V)

| A
W I 1
1 ‘\ i ‘

05

Vs (V)

Y. Niimi, et al., Appl. Surf. Sc| 241 43 (2005). Y. Kobayashi, et al., Phys. Rev. B 71, 193406 (2005).

If we break t conjugated system, the states should appear
even not around the zigzag edge




STS observation near the point vacancy

A single atom vacancy on the graphite has been
created by the Ar" ion bombardment

- Distinct LDOS peak appears around defect !

- Non-uniform state propagation !
- Oscillations of state energy and intensity !

Ar* ion \\

Incident energy 300eV

Total ion: 1.0x1013 ion/cm?

Highly oriented pyrolytic graphite
(HOPG)

T. Kondo, Y. Honma, J. Oh, T. Machida, J. Nakamura, Phys. Rev. B 82 (2010) 153414.



Apparatus

Scanning tunneling microscope (STM)

Control voltages for piezotube

Low temperature STM

1 [ i
i -

Tunneling Distance control
current amplifier  and scanning unit

Piezoelectric tube
with electrodes

P
RN,
N
i RN
—==— Tunneling
voltage

Data processing
and display

Scanning tunneling spectroscopy (STS)

Bias voltage I

Sample
Measurement o : e
chamber N Tip 7y
: Occupied
i = ool //% P
) Ef State

STM (USM1500)

Local density of states
(LDOS) can be measured




BRI S5I77AMFREDSTME

=R E S 5774 (HOPG, ZYA grade)
Cleaved in air and annealed at 900 K in UHV

STM image

STM image

V,=-05V [,=150 pA 2nmx2nm

300 mV 140 pA 3.0 X 3.0 nm?
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FIG. 8. Schematic band structure along the P line in the bulk
Brillouin zone (a) and at K in the surface BZ of hexagonal
graphite (b), and at K in the surface BZ of rhombohedral graph-
ite (c). Also shown is a typical energy interval scanned by STM.

300 mV 140 pA 3.0 % 3.0 nm?

D. Tomanek and S. G. Louie, Phys. Rev. B 37 (1988) 8327.
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STM and STS around point vacancy defect of graphite

(V3x+3) R30°

/Tight Binding calculation \

vacancy

K. F. Kelly, et al., Surf. Sci. 416 (1998) L1085.

Q-carbon defect of graphite /

1.0 nm

Charge density oscillations of & electrons similar to Friedel oscillations

The momentum change from K to K’ corresponds to g = 2k,
leading to the (V3x+3)R30° structure



STM and STS around point vacancy defect of graphite
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Why dose the states propagate non-uniformly?

vacancy "

1.0 nm

Three directions

-
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Why dose the states propagate non-uniformly?

Schematic diagram

vacancy "

7 conjugated
system is
broken

The states propagate perpendicular direction
from local three zigzag edge structures



Oscillations of peak energy and intensity

Intensity
(peak height)
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Oscillations of peak energy and intensity
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4K, Topography image : 301 mV 153 pA 5.0->< 5.0 nm?

The states intensity and states energy oscillate anti-phase
as a function of the distance from defect



In the case of peak located at unoccupied state

Anti-phase
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Possible interpretation for the oscillations

Unoccupied state Occupied state
(anti-phase oscillation) (in-phase oscillation)
EA Ii E E
AE
AE AEl lL\E

Peak intensity large  small Peak intensity large  small

e-h interaction large  small e-e interaction large  small

AE small large AE small large

The phase relations are ascribed to the electron-electron
(hole) interaction between non-bonding state and w-band



Summary for point vacancy of graphite

JIJ)LITRILE—

< - )l( >
HEEMY FELEFEN
10 | 1 | 1 I 1 l I
08 A
0.6 —
0.4
0.2

001

-250 -125 0 125 250
Lo 71 71,1
0.8
0.6
0.4
0.2
0.0

s

1
oc)

0-125 0 125 250
1 | I I 1 | 1 |

_[_l |

-2

a1

1.0
0.8
061 ]
041
0.2 ]

00 I 1 I 1 I

-250 -125 0 125 250
Lo 1711

O.S_D

06
0.2
0.0 ! [

-250-125 0 125 250
Sample bias [ mV]

MR FEERRE B D3I D DzigzagTyL DEE A RIZIEHE

4 . o Schematic diagram
Three directions '

- -

1.0 nm

RRKMEEDDEER R IVEMEER

(1) RFRETOOEENT-IBATEE—IHIR
(2) FEFABIZERMMNEA->TS
Q) EHFEME—D LA AEELLEHETFIREE)

BR S HMZ
A fal = |

T. Kondo, Y. Honma, J. Oh, T. Machida, J. Nakamura, Phys. Rev. B 82 (2010) 153414.
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Ultrahigh vacuum
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STM-tip

Tunnelling
urrent
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V, =500 mV, |, = 150 pA, 300 K
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Set-point : 450 pA, 250 mV, HOPG, 300 K
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HLLEBRE R 5 Itk  Heterodyne scanning
tunneling spectroscopy (HSTS) R ¥
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Normarized AC component
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