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graphene and edge effect for chemists and physicists
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cutting a graphene sheet and terminating edge carbon atoms by hydrogen
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Edge modifies the electronic structure in two manners
edge shape dependent (zigzag/armchair)
# electronrscatteringfimterference: at thetedge:
superlattice pattern (STM)
Raman Gband (C-C stretching; 1600 cm -9
# localizedinom-bondings p state-at the edge; (¢ (edge state-)



Outline

1. Edge state at zigzag edge and the magnetic structure of edge -state
spins
# spin-polarized edge state
from theoretical and experimental understandings
# what is the difference in the magnetic structure between the
edge-state spins of p-electron origin and the s-dangling bond spins
nanographene (p) and fluorinated nanogrphene (p+s)

2. Electron wave interference at armchairedge-
# resonance Raman Gband of armichair -edged graphene nanoribbons

# STM superlattice and its fine structure in the vicinity of edge

3. Nanofabrication
# graphene oxide, AFM tip  zigzag-edged graphene nanoribbons

4. Conclusion



Outline

1. Edge state@atzigzagedgelge and the magnetic structure of edge  -state
spins
# spin-polarizediedge:statee
from theoretical and experimental understandings
# what is the difference in the magnetic structure between the
edge-statezspinssof f p-electromoniginranddheie s-dangling bond spins
nanographene (p) and fluorinated nanogrphene (p+s)



edge state
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T. Enoki, Eur. Phys. Lett. , (2012), in press.

T. Enoki, Proc. Nobel Symp. on Graphene and Quantum Matters , (2012), in press.
S. Fujiiand T. Enoki, J . Amer. Chem. Soc., (2012), submitted.



How physicists understand the edge state

edge state always paired

zigzag edge armchair edge

edge statez(magnetic):)
only one of the sublattices (A, B) exists in the zigzag edge
brakem symmetryy of, thehpsetidoio-spin ¢ in Dirac fermion
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electronic state of graphene edges
hydragem-terminated

experimental evidence of edge state
(ultra:-high vacuum-STM/STS)

armchair edge
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Kobayashi, Fukui, Enoki, et al., Phys. Rev. B(2005)



electronic state of graphene edges
hydragen-terminated

zigzag edge
experimental evidence of edge state 10—

a.-high vacuum-STM/STS) g edge
== £ [ starte

% !

=

S [y

%5

theory
3.0 -
2,0 _
E 1.0f= -
E 0.0F 0 %*4— Cdge Hbdte
zigzag) adfie: shbrrandnd - .
defesctitiecenargetieallyally i p
unstalle: (Iésssaromaiic)c)
Kobayashi, Fukui, Enoki, et al., A D(E) :

Phys. Rev. B(2005)
Fujita, etal. J. Phys. Soc. Jpn. (1996)



electrponcomiifiaeraaheiéffeiotziy Zzigzagoedges

edge-state -absent site at zigzag edge
(small local density of states (LDOS))
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Kobayashi, Fukui, Enoki, et al ., Phys. Rev. B(2006)



edge state of p-electron origin
topological origin from the pseudo -spin in Dirac fermion

s-dangling bond
defect origin in the sp 3 backbone

What difference?

fluerinationn of nanographene

M. Kiguchi, V. L. J. Joly, K. Takali, T. Enoki, R. Sumii, K. Amemiya,
Phys. Rev.B84, 045421 (2011)



fluorination of nanographene >c:';
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NEXAFS fluarinatedd ACFs (A C=081.2)
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fluorine concentration dependence of NEXAFS intensity and localized spin
# of Carbon atoms ~200~300 (nanographene 2 -3 nm)
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Internal exchange field
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Outline

2. Electron wave interference at armehaiiredgee
# resonance Raman Gband of armichair -edged graphene nanoribbons

# STM superlattice and its fine structure in the vicinity of edge



electron scattering at edges and interference
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l nterference from chemistry aspect

Infinite size graphene

3 statessdegenerate e
J33 /3 superlattice

only one unique state:
standing wave

electron wave interference
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armchair - edged graphene nanoribbon

observed by resonance Raman
experiments

Cargado, Kobayashi, Pimenta, Enoki, et al., Phys. Rev. Lett. 93, 047403 (2004)
Sasaki, Saito, Wakabayashi, Enoki, J. Phys. Soc. Jpn. 79, 64082 (2010)
Sasaki, Saito, Wakabayashi, Enoki, J. Phys. Soc. Jpn. 80, 044710 (2011)



AEM'Image of single nanographene ribbon

single sheet of nanographene ribbon at a step edge

ribbon size

8 nm X >1mm

single sheet

|
200 M



Intensity

Resonance Raman experiments with,polarized light
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G-band intensity (armchair edge) theoretical analysis

Sasaki, Saito, Wakabayashi, Enoki, J. Phys. Soc. Jpn. 79, 64082 (2010)
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- zigzagonly  theareticabresults iof thetGe G-band intensityy
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STM superlattice and its fine

structure

Sakal, Takai, Fukui, Enoki, Nakanishi, Phys. Rev.B81, 235417 (2010)



low temp. - STM measurement near an armchair edge

Sakai, Takai, Fukui, Enoki, Nakanishi, Phys. Rev. B(2010)
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tight binding analysis:
electronic structure of graphene with armchair edge
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theoretical analysis for the 3  -fold fine structure:
simulation of STM image

calculation model for tunneling current

matrix element

p,-orbital

al~0.13 nm (visual optimization)
| =0.085 nm
D=0.5nm

wave function of tip-end atom: s-orbital

i -
w graphene ty: scaling factor
|
|
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V. Meunier and Ph.Rambin, Phys. Rev.Lett . 81, 5588 (1998).
T. Nakanishi and T. Ando, J. Phys. Soc. Jon. 77, 024703 (2008).



current image (three fold symmetry)
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Outline

3. Nanofabrication
# graphene oxide, AFM tip  zigzag-edged graphene nanoribbons



nanographene oxide

Fujii & Enoki, JACS 132, 10034
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non-contact AFM

1.24 nm

uonoalip Bezbiz

epoxide rings
arranged along
a zigzag direction

1D orderediwrinkless
with a regular width of ca. 9nm
zigzag nanographene ribbon (ca.4.5nm)




epoxy groups aligned === unzipping process
J.-L., Lietal. Phys. ReV. Lett. 96, 176101 (2006)
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nanofabrication using an AFM tip

cuttingddysanrAEMVIp
afterr nanographene sheet issaxidizeda

5 nm
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nanofabrication using an AFM tip

ca. 9 nm

zigzag edge thermodynamically unstable
oxidatiomoff graphene can create-zigzag edgess

oo, fRIFOMAgNeticc zigzag-edged
A, nanographene ribbon

4a J{Do %%

X. Gao et al?) JACS 131, 9663 (2009)



Edges modiy the:electronic structure.of of graphene

zigzag edge; nonbonding edge state
electronic, magnetic, chemical activities

armchair edge; electron wave interference

a varietyyof €leletroniciproperiies & functionsions
basic science & applicationss
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