06008

BHE -EBJS>740D

BFIREEICD VT

Taisuke OHTA2, Aaron BOSTWICK!, Jessica L. MCCHESNEY!2
Konstantin V. EMTSEV3, Thomas SEYLLER3,
Karsten HORN? and Eli ROTENBERG!

1Advanced Light Source, Lawrence Berkeley National Laboratory
One Cyclotron Road, MS7, Berkeley, California 94720 USA

2Fritz-Haber-Institut der Max-Planck-Gesellschaft

Faradayweg 4-6, 14195 Berlin, Germany

3Lehrstuhl fir Technische Physik, Universitit Erlangen-Niirnberg

Erwin-Rommel-Strafle 1, 91058 Erlangen, Germany

B B /974 VBT ARELEEASNPRERA SN, TGN TE 2@BNICEFWHENR S 2

7 BITHE

W, 5T 4 UNDERBEE S TWDH, AEGHEEF S REEHVWTY 57« VOBRFREBCEEBHL /2, 757

4 VR HED DEBEAN SR AR/,

2 RICHY 7 HTHEIE D,

WHICEE RS HIC S DA BT 5 3 KT iEEICE

Ll TOLBRTFEBHE L /oo /2B 57 4 VOBRBTHEDESBORT Vv » TG L TELT AT E#FIHL T, n

INV F=a*)3 FIDF v v TOKE I DOFHEIC

L7z SHBERODORT VY % )UIC &k ABFHEE O, BREICE

FABRFOENE Y U7 EEAEFOERCERS ISR S 5, KFEEORERIZ T 57 4+ VOB YOI R A

Misfe 525 LE2 %,

AvdbQ95ay

TS5 4V ERBREOTS T A FRIEL, A—RvT
S Fa—=TRT5—=V, I57 74 OEKEE T
WEELTHONT WS, 7574V 75774 MICH
T 5 — AR ERIIC S DE DY, TO®E FHES
LA LRI S FHINTWSEY, 757 0 VDN
FREEIXY 2 VIMERLEBECT 4 5 v 7 HER & &l
D, TZO PR VNIVIERS DD, FEkitE
IR ERTFRINTEIY, FE, BEroHEOT S
T4 VIREER T ATENRBELEINTT, Tl Ed7D
FEEBE T R—IVROMELKRSY, 757 4/ Ok
RIS ER Sh w5012,

757 4 VEAFBEESTFO IO sp? BRBLEL b H
IRFR TR ICIA D » /o B 2 R eSS = A T
BB, RUEVEROSTE & FRRIC, o, nhhEEEL
B & o*, TREEEMEUEN T ST« v OBETREE T
T5, 2ODRIBRFVEMETF AL, ZNHDRT
FAEPEEICEMTHE 20, NH{ETOTIILVT vV
V=D K g E K EHENE D (Fig. 1(@) IR
TONT VU= EsR), METFHTHL NV LR
BEIHCHLNVERTIINT VY =R CRE

TH L —BICPRT S (T4 5y 78, ZOILXRI
F—H Ep bFET), CORRENNVIFHEECLD, 75
T4V e 75774 ISR ARL S b L, BT
Yotk B 5 7 b SEEALTEEDF v U 7 R R I
N K WFH RN R & B OV v UV I &
STFEr UTHZFLEEBICOWTE, CNETICERE
BN INTELIW  F/, BMRBOZ ST 4 VU HHE
JEA 2T AR, D 2 RITHI 7B F RS 2 g A A
TERICE D ED LSBT B0 VDI, 2Kk
M5 3RILHRNDIRICHE, BEFOBTRZORS
BNELEDOLDICELS R L WD RN MEICRE
L, KEBERE,

RiwSL T, AESBOCEF AL 72, v
Yay =4 F (SiIC) EFIfFRL 7757 « VilED
NV F#ESEZ, WaxPfT-o @ hOLICHmET S, £
72, 757 4 HOBEERKSER, BRIy TV VT, &
LCEBORT VY v VKT 5757 4 VOBRTHGED
ZBALIC OV THHR T 5o

2. U524 8K

6H-SiC (0001 ) £t (n-type, €% F— 71 x 1018

S Jan. 2008 Vol.21 No. 1@ 3

(C) 2008 The Japanese Society for Synchrotron Radiation Research



Binding energy {&V)

(b) (c)

Momentum ky

Fig. 1 (a) Photoemission images revealing the bandstructure of single layer graphene along high symmetry directions, /-
K-M-TI". The blue dashed lines are scaled DFT bandstructure of freestanding film3?. Inset shows the 2D Brillouin
zone of graphene. Reprinted figure with permission from Ref. 22. Copyright 2007 by the American Physical Socie-
ty. (b) and (c) Constant energy contours of graphene’s bandstructure at E, (Ez—0.45 eV) and below Ep (Ez—2
eV), respectively, plotted as a function of the two parallel momentum directions, k, and k,. The replica bands are
due to scattering from 6ﬁ X Gﬁ periodicity of the interface carbon —rich layer underneath the graphene layer.
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Binding energy (V)
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g. 2 (a—d) The n and ™ bands near Exfor 1 to 4 graphene layers,
respectively. k= —1.703 A-1 corresponds to the K point,
the corner of the hexagonal Brillouin zone. The /" point is at
k=0 A1, while the M point is at —2.555 A~1. The dashed
lines are from a calculated tight binding bandstructure, with
band parameters adjusted to reproduce measured bands.
Red and orange lines are for Bernal-type (ABAB and
ABAC) stackings, while blue lines are for rhombohedral-
type stackings. (e-h) Photoemission intensity oscillation of
7 bands at Ez—1 eV (indicated as the green line in (a—d)) as
a function of k| and k;, momentum for 1-4 layers graphene.
The photoemission intensity is normalized by the angle-in-
tegrated intensity between Erand Er—1.5 eV for each photon
energy. The photon energy was 95.2¢eV for (a—d) cor-
responding to k, =4.22 A-! at K point. Reprinted figures
with permission from Ref. 22. Copyright 2007 by the Ameri-
can Physical Society.
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Fig. 3

(1) Electronic structure of a symmetric double layer (left)
and asymmetric double layer (right) of graphene. (2. A-B)
Evolution of gap closing and reopening by changing the dop-
ing level by potassium adsorption. Experimental and theo-
retical bands (solid lines) (A) for an as-prepared graphene
bilayer and (B and C) with progressive adsorption of potas-
sium are shown. The number of doping electrons per unit
cell, estimated from the relative size of the Fermi surface, is
indicated at the top of each panel. Figures are reproduced
from Ref. 20.
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Fig. 4 Variation of states at the K point with increasing potassium

coverage. (A) The image map shows the energy distribution

curve at K point as a function of potassium coverage. The

blue markers are the fitted positions of the tight-binding =

and 7™ bands, and the yellow line indicates Ep. The closing

and re-opening of the gap between m and n™* states are seen

clearly. (B) The influence of doping concentration on the

band parameters U and y;. Figures are reproduced from Ref.
20.
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On the electronic structure of single and
multilayer graphene films

Taisuke OHTA12, Aaron BOSTWICK", Jessica L. MCCHESNEY-2,
Konstantin V. EMTSEV3, Thomas SEYLLER3, Karsten HORN2Z,
Eli ROTENBERG'

TAdvanced Light Source, Lawrence Berkeley National Laboratory

One Cyclotron Road, MS7, Berkeley, California 94720 USA

2Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany
3Lehrstuhl fir Technische Physik, Universitat Erlangen-Nirnberg

Erwin-Rommel-StralRe 1, 91058 Erlangen, Germany

Abstract Graphene is currently a subject of intensive investigations spurred by the discovery of the exotic
transport properties and its potential in electronics applications. Here we report the electronic structures of
single and multilayer graphene. Using angle-resolved photoemission spectroscopy, we examine the
bandstructure of this unique two-dimensional system and its development from single layer to multilayers.
With increasing thickness, we find the transition from two-dimensional electronic states to bulk character. By
exploiting the sensitivity of graphene’s electronic states to the Coulomb potential, we demonstrate that we
can not only derive the layer-dependent potential profile, but also control the gap between 7 and 7* bands by
selectively adjusting the carrier concentration in each layer particularly for bilayer graphene. This is brought
about by the interplay between the strong interlayer hopping and the weak interlayer screening.
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