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#H2 �i �iKQbT?2`B+ +QM/BiBQMb /2bTBi2 +QMbBbiBM; Q7 QMHv � bBM;H2 �iQKB+ H�v2`- iQ M�K2 �
72r 2t�KTH2bX h?2 2ti`�Q`/BM�`v [m�HBiB2b Q7 ;`�T?2M2 ?�p2 BMbTB`2/ K�Mv iQ +QM+2Bp2
Q7 TQbbB#H2 �TTHB+�iBQMb BM 7mim`2 i2+?MQHQ;B2bX PM2 Q7 i?2b2 [m�HBiB2b- i?�i Bb BMi2`2biBM;
7`QK #Qi? � b+B2MiB}+ �M/ �M �TTHB+�iBQM T2`bT2+iBp2 Bb i?2 2H2+i`QMB+ 2/;2 bi�i2 i?�i
�TT2�`b �i ;`�T?2M2 xB;x�;@ivT2 2/;2bX

h?2 ?2t�;QM�H H�iiB+2 Q7 ;`�T?2M2 +QMi�BMb irQ i`B�M;mH�` bm#H�iiB+2b- r?2`2 2�+?
M2B;?#Q`BM; �iQK #2HQM;b iQ � /Bz2`2Mi QM2X �i HQr2` 2M2`;B2b i?2 2H2+i`QMB+ bi�i2b QM
;`�T?2M2 TQbb2bb BM/2T2M/2Mi bQHmiBQMb 7Q` i?2 2H2+i`QMB+ bi�i2b QM i?2 bBi2b Q7 i?2 irQ
bm#H�iiB+2b- ;BpBM; `Bb2 iQ i?2 Tb2m/Q bTBM /2;`22 Q7 7`22/QK (N)X �i ;`�T?2M2 2/;2b-
/2T2M/BM; QM 2/;2 /B`2+iBQM- i?2 �iQKb M2�` i?2 2/;2 +�M #2HQM; 2t+HmbBp2Hv iQ QM2 Q7
i?2 irQ bm#H�iiB+2b UxB;x�; 2/;2bV Q` BM 2[m�H T�`ib iQ #Qi? bm#H�iiB+2b U�`K+?�B` 2/;2bVX
AM i?2 +�b2 Q7 xB;x�; 2/;2b- i?2 BK#�H�M+2 Q7 �iQKB+ Q`#Bi�Hb QM i?2 irQ bm#H�iiB+2b
r�b T`2/B+i2/ i?2Q`2iB+�HHv iQ `Bb2 iQ HQ+�HBx2/ 2H2+i`QMB+ bi�i2b rBi? 2tTQM2MiB�H /2+�v
H2M;i?b rBi?BM k MK- i?�i /Q MQi Q++m` QM �`K+?�B` 2/;2b (Ry)X h?Bb T`2/B+iBQM r�b 2t@
T2`BK2Mi�HHv +QM}`K2/ #v b+�MMBM; imMM2HBM; KB+`Qb+QTv �M/ bT2+i`Qb+QTv UahJfahaV
K2�bm`2K2Mib (RRĜRj)X 6m`i?2`KQ`2- i?2b2 HQ+�HBx2/ bi�i2b �`2 i?2Q`2iB+�HHv +QM}M2/ QM
i?2 K�DQ`Biv bm#H�iiB+2 (N- R9)X

h?2 ?B;? /2MbBiv Q7 bi�i2b i?�i 2tBbib �i i?2 62`KB 2M2`;v /m2 iQ xB;x�; 2/;2 bi�i2b
K�v ;Bp2 `Bb2 iQ K�;M2iB+ Q`/2`BM; (Ry)X h?Bb ?�b MQi #22M 7QmM/ QM bBM;H2 2/;2b r?2`2
Bi Bb iQQ mMbi�#H2- #mi QM ;`�T?2M2 M�MQ`B##QMb rBi? T�`�HH2H xB;x�; 2/;2b Ux:L_V i?2
BMi2`�+iBQM Q7 /Bz2`2Mi 2/;2 bi�i2b Bb T`2/B+i2/ iQ bi�#BHBx2 bTBM@TQH�`Bx�iBQM Q7 i?2 2/;2
bi�i2b (R8- Re)X A7 irQ xB;x�; 2/;2b i2`KBM�i2 QM /Bz2`2Mi bm#H�iiB+2b- i?2 2/;2 bi�i2b
Q++mTv /Bz2`2Mi bm#H�iiB+2b �b r2HH �M/ +�M BMi2`T2M2i`�i2X 6Q` i?Bb- i?2 /B`2+iBQM Q7
i?2 2/;2b Bb +`m+B�HX 1/;2 bi�i2b QM #Qi? bm#H�iiB+2b Q++m` QM T�`�HH2H x:L_b- �b Bb
b?QrM BM 6B;X RXRU�VX AMbB/2 i?2 M�MQ`B##QM- i?2 HQ+�H /2MbBiv Q7 bi�i2b UG.PaV 7`QK

A and      B edge states
(size schematically proportional to LDOS)

Zigzag B-edge

Zigzag A-edge

up and    down spins
(size schematically proportional to magnetization)

Zigzag B-edge

Zigzag A-edge

A and      B edge states
(size schematically proportional to LDOS)

up and    down spins
(size schematically proportional to magnetization)

(b)(a)

6B;m`2 RXR, a+?2K�iB+ Q7 � xB;x�; ;`�T?2M2 M�MQ`B##QM rBi? �@ �M/ "@bm#H�iiB+2 �iQKb BM `2/
�M/ #Hm2- `2bT2+iBp2HvX *�`iQQM Q7 2/;2 bi�i2 U�V G.Pa BMi2MbBiv �M/ U#V K�;M2iB+ KQK2Mib
QM i?2 �iQKB+ bBi2bX *B`+H2f�``Qr bBx2 Bb T`QTQ`iBQM�H iQ G.PafK�;M2iBx�iBQM �i 2�+? �iQKX

i?2 irQ 2/;2 bi�i2b QM /Bz2`2Mi bm#H�iiB+2b �`2 Qp2`H�TTBM;- bBM+2 i?2v Q++mTv /Bz2`2Mi
bBi2b- 2M?�M+BM; i?2 K�;M2iB+ BMi2`�+iBQM #2ir22M i?2 irQ 2/;2 bi�i2bX h?2Q`2iB+�HHv-
i?2 KQbi bi�#H2 bTBM +QM};m`�iBQM Bb � 72``QK�;M2iB+ �HB;MK2Mi Q7 bTBMb �HQM; 2�+? 2/;2
bi�i2- �M/ �M �MiB@72``QK�;M2iB+ �HB;MK2Mi #2ir22M i?2 irQ 2/;2b- �b Bb b?QrM BM U#VX

k



RXk JQiBp�iBQM

h?2 K�;M2iB+ KQK2Mib QM i?2 2/;2 bm#H�iiB+2b 2ti2M/ �+`Qbb i?2 x:L_ �M/ BM+`2�b2
bQK2r?�i QM i?2 QTTQbBi2 2/;2- �b Bi Bb bi�#BHBx2/ #v i?2 bi`QM;2` K�;M2iB+ BMi2`�+iBQM
rBi? i?2 QTTQbBi2 2/;2 bi�i2X

h?Bb TQH�`Bx2/ bi�i2 Bb BMi2`2biBM; 7`QK #Qi? � b+B2MiB}+ �M/ �M �TTHB+�iBQM T2`bT2+@
iBp2X aBM+2 i?2b2 bTBM@TQH�`Bx2/ x:L_b �`2 T`2/B+i2/ iQ #2+QK2 ?�H7@K2i�HHB+ (Rd- R3)-
�M/ bBM+2 #mHF ;`�T?2M2 bmTTQ`ib HQM; bTBM +Q?2`2M+2 H2M;i?b- bm+? x:L_b K�v 2M�#H2
i?2 /2p2HQTK2Mi Q7 ;`�T?2M2@#�b2/ bTBMi`QMB+ /2pB+2b- i?�i +QmH/ H2�/ iQ `2pQHmiBQM�`v
BKT`Qp2K2Mib BM +QKTmi2` T2`7Q`K�M+2 (RN- ky)X >Qr2p2`- r?BH2 i?2 bTBM@TQH�`Bx�iBQM Bb
i?2Q`2iB+�HHv r2HH@2bi�#HBb?2/- i?2 2tT2`BK2Mi�H `2bmHib bQ 7�` ?�p2 #22M BM+QM+HmbBp2X 1t@
T2`BK2Mi�H /B{+mHiB2b �`Bb2 /m2 iQ i?2 M�MQ@b+�H2 �i r?B+? i?2 2/;2 bi�i2b Q++m`- r?B+?
+QKTHB+�i2b #Qi? i?2 K2�bm`2K2Mi �M/ i?2 T`2T�`�iBQM Q7 �iQKB+�HHv T`2+Bb2 2/;2b rBi?
+QMi`QHH2/ i2`KBM�iBQMbX 6m`i?2`KQ`2- i?2 2/;2 bi�i2b �`2 2tT2+i2/ iQ #2 +?�M;2/ #v
i?2 bm#bi`�i2 BM~m2M+2- #mi /Bz2`2Mi 2tT2`BK2Mi�H `2bmHib �`2 bQK2iBK2b +QM~B+iBM; QM
r?�i 2z2+i i?2 bm#bi`�i2 ?�b (kRĜkj)X 1tT2`BK2Mib QM ;`�T?2M2 2/;2 bi�i2b ?�p2 #22M
+QMbi`�BM2/ #v i?2 /B{+mHiB2b �M/ HBKBi�iBQMb iQ Q#i�BM M�MQ`B##QMb rBi? +QMi`QHH2/-
�iQKB+�HHv T`2+Bb2 xB;x�; 2/;2bX

� T`QKBbBM; �p2Mm2 iQ 7�#`B+�i2 xB;x�; 2/;2b Bb #v +?2KB+�H `2�+iBQMb- T�`iB+mH�`Hv-
#v �MBbQi`QTB+ ?v/`Q;2M U>@V TH�bK� 2i+?BM;X qBi? i?Bb i2+?MB[m2- ;`�T?2M2 Bb 2i+?2/
H�v2`@#v@H�v2`- �M/ ?2t�;QM�H M�MQTBib rBi? bi`�B;?i xB;x�; 2/;2b �`2 +`2�i2/ (k9Ĝk3)-
r?B+? �`2 i2`KBM�i2/ #v QM2 ?v/`Q;2M �iQK T2` 2/;2 �iQK (kN)X AM i?Bb rQ`F- r2 mb2
>@TH�bK� 2i+?BM; iQ +`2�i2 ?2t�;QM�H M�MQTBib rBi? x:L_b #2ir22M i?2K QM ;`�T?Bi2-
�M/ QM i?2 2TBi�tB�H ;`�T?2M2 QM i?2 *@7�+2 �M/ aB@7�+2 Q7 aB*X

RXk JQiBp�iBQM
h?2 [m2biBQM r?2i?2` ;`�T?2M2 xB;x�; 2/;2b +�M #2+QK2 bTBM@TQH�`Bx2/ ?�b MQi #22M
+QM+HmbBp2Hv �Mbr2`2/ bQ 7�`X AM i?2 +�b2 i?�i i?Bb +�M #2 �Mbr2`2/ BM i?2 �{`K�iBp2-
bTBM@TQH�`Bx2/ 2/;2 bi�i2b BMi`Q/m+2 K�;M2iB+ Q`/2` BM mbm�HHv MQM@K�;M2iB+ +�`#QM K�@
i2`B�HbX h?Bb Bb Q7 #Qi? b+B2MiB}+ �M/ T`�+iB+�H BMi2`2bi- 2X;X- 7Q` TQi2MiB�H �TTHB+�iBQM BM
MQp2H bTBMi`QMB+ /2pB+2bX

�Hi?Qm;? bTBM@TQH�`Bx�iBQM Bb i?2Q`2iB+�HHv r2HH@2bi�#HBb?2/ iQ Q++m` QM xB;x�; ;`�@
T?2M2 M�MQ`B##QMb- T`2pBQmb 2tT2`BK2Mi�H bim/B2b- 7Q` b2p2`�H `2�bQMb- ?�p2 MQi vB2H/2/
`2bmHib i?�i �HHQr `2�+?BM; � }`K +QM+HmbBQM �#Qmi Bib 2tBbi2M+2X AM bQK2 Q7 i?2b2 T`2pBQmb
bim/B2b- i?2 2/;2 b?�T2 Q` i2`KBM�iBQM +QmH/ MQi #2 +QMi`QHH2/X h?Bb K�F2b Bi /Qm#i7mH
r?2i?2` i?2 b�KTH2b ?Qbi +H2�M xB;x�; 2/;2 bi�i2b (kR- kj) i?�i +�M bmTTQ`i K�;M2iB+
Q`/2` (jy)X aQK2 bim/B2b mb2/ � #QiiQK@mT M�MQ`B##QM 7�#`B+�iBQM K2i?Q/ iQ 7�#`B+�i2
T`2+Bb2 M�MQ`B##QMb rBi? xB;x�; 2/;2b- r?B+? QMHv vB2H/2/ M�MQ`B##QMb Q7 QM2 +2`i�BM
rB/i? (kk)X lM7Q`imM�i2Hv- i?Bb T`2p2Mib i?2 bim/v Q7 2tT2+i2/ rB/i?@/2T2M/2Mi 72�im`2bX
�HbQ- 2tTQM2MiB�H /2+�v Q7 i?2 2/;2 bi�i2 BMiQ i?2 `B##QM +2Mi2`- r?B+? Bb �M BKTQ`i�Mi
}M;2`T`BMi Q7 i?2 2/;2 2H2+i`QMB+ bi�i2- Bb MQi `2TQ`i2/ BM i?Bb bim/vX �MQi?2` 7�+iQ` i?�i
b22Kb iQ TH�v �M BKTQ`i�Mi `QH2 7Q` bTBM@TQH�`Bx2/ 2/;2 bi�i2b Bb i?2 BMi2`�+iBQM rBi? i?2
bm#bi`�i2 (R3- jR)X AM bQK2 2tT2`BK2Mi�H bim/B2b- BM~m2M+2 #v i?2 bm#bi`�i2 KQ/B}2/ i?2
2/;2 bi�i2 `2bmHib (kk) �M/ BM+QMbBbi2Mi �M/ mM+2`i�BM b�KTH2 BMi2`�+iBQMb +�bi /Qm#ib
QM Qi?2` `2bmHib (kR- kj)X h?2 BM~m2M+2 Q7 i?2 bm#bi`�i2 Bb Q7 T�`iB+mH�` BKTQ`i�M+2 rBi?
pB2r iQ TQi2MiB�H i2+?MB+�H �TTHB+�iBQMb Q7 ;`�T?2M2 M�MQ`B##QMbX

AM i?Bb rQ`F- r2 i`B2/ iQ �pQB/ i?2 /B{+mHiB2b �M/ HBKBi�iBQMb Q7 Qi?2` b�KTH2 7�#@

j



RXj PmiHBM2 Q7 i?2 h?2bBb

`B+�iBQM K2i?Q/b #v mbBM; �M �MBbQi`QTB+ 2i+?BM; i2+?MB[m2 iQ +`2�i2 ;`�T?2M2 xB;x�;
M�MQ`B##QMb QM ;`�T?Bi2X h?Bb Bb � r2HH@FMQrM bm#bi`�i2- r?Qb2 BMi2`�+iBQM rBi? �
;`�T?2M2 M�MQ`B##QM �#Qp2 Bi �M/ i?2 K�;MBim/2 Q7 i?2 bm#H�iiB+2 bvKK2i`v #`2�FBM;
�`2 #Qi? r2HH FMQrM �M/ mMB7Q`KHv `2�HBx2/X AM �//BiBQM- r2 7�#`B+�i2/ ;`�T?2M2 M�MQ`B#@
#QMb QM 2TBi�tB�H ;`�T?2M2 QM i?2 *@7�+2 Q7 aB*- r?2`2 r2 K�v 2tT2+i i?2 p�`B�iBQM Q7
i?2 bm#bi`�i2 BMi2`�+iBQM �M/ bm#H�iiB+2 bvKK2i`v #`2�FBM; +�mb2/ #v i?2 p�`B�iBQM Q7
`Qi�iBQM �M;H2 #2ir22M i?2 M�MQ`B##QM �M/ i?2 bm#bi`�i2 ;`�T?2M2X "v T`Q#BM; /Bz2`2Mi
bvbi2Kb- bm#bi`�i2 /2T2M/2Mi 2z2+ib rBHH #2 mM+Qp2`2/- r?B+? Bb BKTQ`i�Mi iQ mM/2`bi�M/
BM Q`/2` iQ /2bB;M /2pB+2b i?�i K�F2 mb2 Q7 i?2 2tQiB+ T`QT2`iB2b Q7 ;`�T?2M2 M�MQ`B#@
#QMbX �M�HvxBM; i?2 T`QT2`iB2b Q7 2/;2 bi�i2b QM ;`�T?2M2 M�MQ`B##QMb �M/ T`QpBM; i?2
2tBbi2M+2 Q` �#b2M+2 Q7 bTBM@TQH�`Bx2/ 2/;2 bi�i2b BM i?2 2t�KBM2/ bvbi2Kb T`QpB/2b BK@
TQ`i�Mi 2tT2`BK2Mi�H 2pB/2M+2 7Q` i?Bb 7�b+BM�iBM; T?2MQK2MQM i?�i `2K�BM2/ 2HmbBp2 7Q`
bQ HQM;X 6m`i?2`KQ`2- +QM+HmbBp2 `2bmHib Q7 ;`�T?2M2 xB;x�; 2/;2 bi�i2b �M/ i?2 M2+2bb�`v
+QM/BiBQMb 7Q` i?2K iQ #2+QK2 bTBM@TQH�`Bx2/ +�M biBKmH�i2 7m`i?2` rQ`F i?�i K�v T�p2
� r�v iQr�`/b �TTHB+�iBQMb- bm+? �b MQp2H bTBMi`QMB+ /2pB+2bX

RXj PmiHBM2 Q7 i?2 h?2bBb
AM *?�Ti2` k- i?2 i?2Q`2iB+�HHv �M/ 2tT2`BK2Mi�HHv 2bi�#HBb?2/ T`QT2`iB2b FMQrM 7`QK
T`2pBQmb rQ`Fb QM ;`�T?2M2 �`2 T`2b2Mi2/X aT2+B}+�HHv- i?2 2/;2 bi�i2b QM ;`�T?2M2- �M/
TQbbB#H2 bTBM@TQH�`Bx�iBQM Q7 i?2 2/;2 bi�i2b �`2 /Bb+mbb2/X 6m`i?2`KQ`2- i?2 �MBbQi`QTB+
?v/`Q;2M TH�bK� 2i+?BM; i2+?MB[m2 #v r?B+? ;`�T?2M2 xB;x�; 2/;2b +�M #2 7�#`B+�i2/ Bb
BMi`Q/m+2/X AM *?�Ti2` j- r2 2tTH�BM i?2 bT2+B}+ ?v/`Q;2M TH�bK� 2i+?BM; i2+?MB[m2-
i?�i Bb mb2/ BM i?Bb rQ`F- �b r2HH �b i?2 BM/BpB/m�H 2i+?BM; +QM/BiBQMb mb2/ iQ T`2T�`2 /B7@
72`2Mi b�KTH2bX q2 �HbQ /2b+`B#2 i?2 HQr@i2KT2`�im`2 ahJfaha K2�bm`2K2Mi i2+?MB[m2
i?�i r�b K�BMHv mb2/ 7Q` i?2 2tT2`BK2Mib BM i?Bb rQ`FX AM *?�Ti2` 9- r2 b?Qr i?2 K2�@
bm`2K2Mi `2bmHib Q#i�BM2/ QM i?2 2i+?2/ bm`7�+2 Q7 ;`�T?Bi2X h?2 `2bmHib QM #mHF i2``�+2b-
QM bBM;H2 2/;2b �M/ QM ;`�T?2M2 M�MQ`B##QMb i?�i �`2 7Q`K2/ #v irQ 2i+?2/ 2/;2b �`2
/Bb+mbb2/X AM *?�Ti2` 8- r2 b?Qr i?2 `2bmHib Q7 2i+?BM; 2TBi�tB�H 72r@H�v2` ;`�T?2M2 QM
aB*UyyyRVX q2 /Bb+mbb i?2 2z2+ib Q7 2i+?BM; QM i?Bb b�KTH2- BM+Hm/BM; i?2 T`QT2`iB2b QM
#mHF i2``�+2bX h?2 `2bmHib QM bBM;H2 2/;2b �M/ QM M�MQ`B##QMb �`2 /Bb+mbb2/ �b r2HHX AM
*?�Ti2` e- Qm` `2bmHib Q7 i?2 2z2+ib Q7 ?v/`Q;2M 2i+?BM; QM 2TBi�tB�H KQMQH�v2` ;`�T?2M2
QM aB*UyyyRV �`2 b?QrMX h?2 2z2+ib Q7 2i+?BM; QM i?2 #mHF i2``�+2 T`QT2`iB2b Q7 i?Bb
b�KTH2- �M/ i?2 7�#`B+�i2/ M�MQTBib �`2 /Bb+mbb2/X h?2 K�BM 2tT2`BK2Mi�H }M/BM;b Q7
i?Bb rQ`F �M/ i?2 +QM+HmbBQMb �`2 T`2b2Mi2/ BM *?�Ti2` dX
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*?�Ti2` k

h?2Q`2iB+�H �M/ 1tT2`BK2Mi�H
EMQrH2/;2 Q7 :`�T?2M2

h?2 7QHHQrBM; a2+iBQM kXR BMi`Q/m+2b bQK2 Q7 i?2 T`QT2`iB2b Q7 ;`�T?2M2- �b r2HH �b
i?2 bT2+B}+ bvbi2Kb i?�i r2 bim/B2/- 2TBi�tB�H ;`�T?2M2 QM aB*UyyyRV �M/ aB*UyyyRV
�M/ ;`�T?Bi2X h?2 K�BM BMi2`2bi Q7 i?Bb rQ`F �`2 2H2+i`QMB+ xB;x�; 2/;2 bi�i2b- bQK2
#�+F;`QmM/ QM i?2K Bb ;Bp2M BM a2+iBQM kXkX �7i2`r�`/b- BM a2+iBQM kXj- i?2 TQbbB#BHBiv Q7
K�;M2iBbK QM ;`�T?2M2 M�MQ`B##QMb rBi? xB;x�; 2/;2b Bb /Bb+mbb2/X 6BM�HHv- a2+iBQM kX9
BMi`Q/m+2b i?2 �MBbQi`QTB+ ?v/`Q;2M TH�bK� 2i+?BM; i2+?MB[m2b- i?�i Bb mb2/ iQ T`2T�`2
i?2 b�KTH2b BM i?Bb rQ`FX

kXR S`QT2`iB2b Q7 :`�T?2M2
kXRXR S?vbB+�H T`QT2`iB2b Q7 ;`�T?2M2
AM i?2 ;`�T?2M2 H�iiB+2- i?`22 Q7 i?2 7Qm` p�H2M+2 2H2+i`QMb Q7 2�+? +�`#QM �iQK �`2 sp2

?v#`B/Bx2/ �M/ 7Q`K +Qp�H2Mi σ@#QM/b rBi? i?`22 M2B;?#Q`BM; +�`#QM �iQKbX .m2 iQ i?2
`2TmHbBQM #2ir22M i?2 2H2+i`QMb i?2 i?`22 sp2 Q`#Bib �``�M;2 i?2Kb2Hp2b BM � TH�M2 rBi?
�M �M;H2 Q7 Rky◦ #2ir22M i?2K iQ K�tBKBx2 i?2 BMi2`@Q`#Bi /Bbi�M+2 �i 2�+? �iQKB+ bBi2X
h?mb- � ~�i ?2t�;QM�H H�iiB+2 Bb 7Q`K2/ rBi? i?2 b?Q`i2bi /Bbi�M+2 #2ir22M +Qp�H2MiHv
#QM/2/ +�`#QM �iQKb #2BM; yXR9k MKX h?2 7Qm`i? p�H2M+2 2H2+i`QM Q7 2�+? +�`#QM �iQK
Q++mTB2b � p@Q`#Bi�H i?�i Bb T2`T2M/B+mH�` iQ i?2 TH�M2 Q7 i?2 +Qp�H2Mi #QM/b �M/ /Q2b
MQi BMi2`�+i rBi? i?2KX h?2 BMi2`�+iBQM #2ir22M p@Q`#Bi�Hb QM /Bz2`2Mi +�`#QM �iQKb
7Q`Kb π #QM/b r?B+? /QKBM�i2 i?2 2H2+i`QMB+ T`QT2`iB2b Q7 ;`�T?2M2 �i HQr2`@2M2`;B2bX

h?2 "`�p�Bb H�iiB+2 i?�i /2b+`B#2b i?2 ?QM2v+QK# H�iiB+2 Q7 ;`�T?2M2 Bb � irQ@
/BK2MbBQM�H i`B�M;mH�` H�iiB+2 r?Qb2 mMBi +2HH +QMi�BMb irQ �iQKbX h?2b2 �`2 +QKKQMHv
+�HH2/ � �M/ " �iQKb �M/ 7Q`K i`B�M;mH�` � �M/ " bm#H�iiB+2b- `2bT2+iBp2HvX � KQ/2H
;`�T?2M2 H�iiB+2 rBi? �f" �iQKb /Bz2`2MiB�i2/ #v +QHQ` Bb b?QrM BM 6B;X kXRU�VX q?2M
KmHiBTH2 H�v2`b Q7 ;`�T?2M2 �`2 bi�+F2/ QM iQT Q7 2�+? Qi?2`- i?2B` �iQKb `2K�BM sp2

?v#`B/Bx2/ BM i?2B` `2bT2+iBp2 H�v2`b �M/ i?2 H�v2`b �`2 +QmTH2/ #v p�M /2` q��Hb 7Q`+2bX
h?Bb BMi2`H�v2` BMi2`�+iBQM Bb Km+? r2�F2` i?�M i?2 BM@TH�M2 +Qp�H2Mi #QM/BM;- i?2`27Q`2
Bi Bb TQbbB#H2 iQ 2t7QHB�i2 ;`�T?2M2 b?22ib BMi�+iX q?2M irQ ;`�T?2M2 H�v2`b �`2 bi�+F2/
+QKK2Mbm`�i2Hv- r?B+? Bb b+?2K�iB+�HHv b?QrM BM 6B;X kXRU#V- i?2M �HH �iQKb BM QM2

8
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0.
33

5 
nm

0.
67

1 
nm

0.246 nm 0.142 nm

A-site atom
B-site atom

(a) (c)(b)

6B;m`2 kXR, a+?2K�iB+ pB2r Q7 :`�T?2M2X *�`#QM �iQKb QM i?2 �f" bm#H�iiB+2 �`2 `2T`2b2Mi2/
�b `2/f#Hm2 /Qib �M/ +Qp�H2Mi #QM/b b?QrM #v #H�+F HBM2bX U�V ?2t�;QM�H ;`�T?2M2 H�iiB+2X U#V
iQT pB2r Q7 �" bi�+F2/ #BH�v2` ;`�T?2M2 UMQ +QHQ` BM b2+QM/ H�v2`VX U+V i?`22 ;`�T?2M2 H�v2`b
rBi? �" bi�+FBM;X

bm#H�iiB+2 �`2 HQ+�i2/ QM iQT Q7 �M �iQKB+ bBi2 Q7 i?2 Qi?2` H�v2` �M/ i?2 �iQKb Q7 i?2
Qi?2` bm#H�iiB+2 �`2 HQ+�i2/ �#Qp2 � ?QHHQr bBi2b Q7 i?2 Qi?2` H�v2`X h?Bb Bb +�HH2/ "2`M�H
Q` �" bi�+FBM;- r?2`2 i?2 �iQKb QM iQT Q7 �iQKb bBi2b BM i?2 HQr2` H�v2` �`2 +�HH2/ �-
�M/ �iQKb �#Qp2 ?QHHQr bBi2b �`2 +�HH2/ " �iQKbX h?2 BMi2`H�v2` /Bbi�M+2 Q7 irQ bm+?
;`�T?2M2 b?22ib BM ;`�T?Bi2 Bb yXjj8 MKX A7 � i?B`/ +QKK2Mbm`�i2 ;`�T?2M2 H�v2` Bb �//2/
iQ �M �" bi�+F- i?2M irQ �``�M;2K2Mib �`2 TQbbB#H2, QM2 Q7 i?2 bm#H�iiB+2b Q7 i?2 H�v2` BM
i?2 KB//H2 +�M 2Bi?2` #2 b�M/rB+?2/ #2ir22M �iQKB+ bB/2b Q7 #Qi? i?2 mTT2` �M/ HQr2`
H�v2`b- i?Bb Bb +�HH2/ �"� bi�+FBM;- Q` Bi +�M #2 TQbBiBQM2/ #2ir22M �M �iQKB+ �M/ �
?QHHQr bBi2 QM i?2 irQ Qi?2` H�v2`b- i?Bb Bb +�HH2/ �"* Q` `?QK#Q?2/`�H bi�+FBM;X 6B;m`2
kXRU+V b+?2K�iB+�HHv b?Qrb i?2 mMBi +2HH Q7 i?`22 ;`�T?2M2 H�v2`b rBi? �"� bi�+FBM;X

q?2M i?2 bm`7�+2 Q7 �M �" ;`�T?2M2 bi�+F Bb b+�MM2/ #v a+�MMBM; hmMM2HBM; JB@
+`Qb+QTv UahJV- BM +QMbi�Mi ?2B;?i KQ/2- i?2 imMM2HBM; +m``2Mi I Bb H�`;2` �i �iQKb Q7
i?2 " bm#H�iiB+2 i?�M �i �iQKb Q7 i?2 � bm#H�iiB+2X �M�HQ;QmbHv- BM +QMbi�Mi +m``2Mi
KQ/2- i?2 ahJ iBT ?2B;?i Bb ?B;?2` �i �iQKb Q7 i?2 " bm#H�iiB+2 i?�M �i �iQKb Q7 i?2 �
bm#H�iiB+2X h?Bb Bb � `2bmHi Q7 i?2 bi`QM;2` HQ+�HBx�iBQM Q7 π 2H2+i`QMb QM i?2 " bBi2b- bBM+2
2H2+i`QMb QM i?2 � bBi2b BMi2`�+i KQ`2 bi`QM;Hv rBi? i?2 HQr2` ;`�T?2M2 b?22i pB� i?2
+�`#QM �iQKb /B`2+iHv #2HQr i?2KX PM i?2 "@bm#H�iiB+2- i?2 π 2H2+i`QM Q`#Bi i?2`27Q`2
2ti2M/ 7�`i?2` �#Qp2 i?2 mTT2` b?22iX h?2 b?�`T BM+`2�b2 Q7 I QM �iQKb �#Qp2 ?QHHQr
bBi2b K2�Mb i?�i ahJ b+�Mb Q7 �" ;`�T?2M2 mbm�HHv QMHv `2p2�H i?�i ?�H7 Q7 i?2 bm`7�+2
�iQKb- M�K2Hv i?Qb2 #2HQM;BM; iQ i?2 " bm#H�iiB+2X h?2 bT�+2 BM #2ir22M i?2 +HQb2bi
i?`22 " bBi2b Bb 2Bi?2` �M � bBi2 Q` � ?QHHQr bBi2X AM � ahJ BK�;2- i?2 � bBi2 �iQKb /Q
MQi �TT2�` +H2�`HvX >Qr2p2`- �i i?2 � bBi2 i`B�M;mH�` bT�+2b I Bb bHB;?iHv ?B;?2` i?�M �i
?QHHQr QM2b- r?B+? K�F2b Bi TQbbB#H2 iQ /2i2`KBM2 i?2 `2H�iBp2 TQbBiBQMb Q7 i?2 � �M/ "
bm#H�iiB+2b #v ahJ Ui?Bb Bb /Bb+mbb2/ BM a2+iBQM 9XjVX

e



kXR S`QT2`iB2b Q7 :`�T?2M2

kXRXk 1H2+i`QMB+ T`QT2`iB2b Q7 ;`�T?2M2
hQ /2b+`B#2 i?2 i`B�M;mH�` "`�p�Bb H�iiB+2 Q7 ;`�T?2M2- i?2 H�iiB+2 p2+iQ`b a1,2 =

a
2(3,±

√
3)

�`2 Q7i2M mb2/- r?2`2 a = 0.142 MK Bb i?2 b?Q`i2bi BMi2`�iQKB+ /Bbi�M+2 (3)X 6`QK i?Bb
i?2 M2�`2bi M2B;?#Q` p2+iQ`b δδδ1,2 = a

2(1,±
√
3) �M/ δδδ3 = a(−1, 0) +�M #2 /2}M2/X h?2b2

p2+iQ`b �`2 b?QrM `2H�iBp2 iQ i?2 ;`�T?2M2 H�iiB+2 BM 6B;X kXkU�VX AM KQK2MimK bT�+2
i?2 `2+BT`Q+�H H�iiB+2 Q7 ;`�T?2M2 +�M #2 /2b+`B#2/ #v i?2 p2+iQ`b b1,2 = 2π

3a (1,±
√
3)-

i?�i �`2 /2`Bp2/ 7`QK a1,2 mbBM; i?2 +QM/BiBQM ai · bj = 2πδijX AM U#V- i?2b2 p2+iQ`b
�`2 b?QrM BM `2H�iBQM iQ i?2 }`bi "`BHHQmBM xQM2- r?B+? Bb i?2 mMBi +2HH �i i?2 Q`B;BM
Q7 i?2 `2+BT`Q+�H H�iiB+2X h?2 +Q`M2`b Q7 i?2 }`bi "`BHHQmBM xQM2 �`2 /2b+`B#2/ #v i?2
p2+iQ`b K,K′ = 2π

3a (1,±1/
√
3)X h?2b2 �`2 i?2 .B`�+ TQBMib- r?B+? ?�p2 � bT2+B�H bB;MB7@

B+�M+2 7Q` i?2 2H2+i`QMB+ T`QT2`iB2b i?�i rBHH #2 b?QrM H�i2`X h?2 2H2+i`QMB+ T`QT2`iB2b

trino” billiards !Berry and Modragon, 1987; Miao et al.,
2007". It has also been suggested that Coulomb interac-
tions are considerably enhanced in smaller geometries,
such as graphene quantum dots !Milton Pereira et al.,
2007", leading to unusual Coulomb blockade effects
!Geim and Novoselov, 2007" and perhaps to magnetic
phenomena such as the Kondo effect. The transport
properties of graphene allow for their use in a plethora
of applications ranging from single molecule detection
!Schedin et al., 2007; Wehling et al., 2008" to spin injec-
tion !Cho et al., 2007; Hill et al., 2007; Ohishi et al., 2007;
Tombros et al., 2007".

Because of its unusual structural and electronic flex-
ibility, graphene can be tailored chemically and/or struc-
turally in many different ways: deposition of metal at-
oms !Calandra and Mauri, 2007; Uchoa et al., 2008" or
molecules !Schedin et al., 2007; Leenaerts et al., 2008;
Wehling et al., 2008" on top; intercalation #as done in
graphite intercalated compounds !Dresselhaus et al.,
1983; Tanuma and Kamimura, 1985; Dresselhaus and
Dresselhaus, 2002"$; incorporation of nitrogen and/or
boron in its structure !Martins et al., 2007; Peres,
Klironomos, Tsai, et al., 2007" #in analogy with what has
been done in nanotubes !Stephan et al., 1994"$; and using
different substrates that modify the electronic structure
!Calizo et al., 2007; Giovannetti et al., 2007; Varchon et
al., 2007; Zhou et al., 2007; Das et al., 2008; Faugeras et
al., 2008". The control of graphene properties can be
extended in new directions allowing for the creation of
graphene-based systems with magnetic and supercon-
ducting properties !Uchoa and Castro Neto, 2007" that
are unique in their 2D properties. Although the
graphene field is still in its infancy, the scientific and
technological possibilities of this new material seem to
be unlimited. The understanding and control of this ma-
terial’s properties can open doors for a new frontier in
electronics. As the current status of the experiment and
potential applications have recently been reviewed
!Geim and Novoselov, 2007", in this paper we concen-
trate on the theory and more technical aspects of elec-
tronic properties with this exciting new material.

II. ELEMENTARY ELECTRONIC PROPERTIES OF
GRAPHENE

A. Single layer: Tight-binding approach

Graphene is made out of carbon atoms arranged in
hexagonal structure, as shown in Fig. 2. The structure
can be seen as a triangular lattice with a basis of two
atoms per unit cell. The lattice vectors can be written as

a1 =
a
2

!3,%3", a2 =
a
2

!3,− %3" , !1"

where a&1.42 Å is the carbon-carbon distance. The
reciprocal-lattice vectors are given by

b1 =
2!

3a
!1,%3", b2 =

2!

3a
!1,− %3" . !2"

Of particular importance for the physics of graphene are
the two points K and K! at the corners of the graphene
Brillouin zone !BZ". These are named Dirac points for
reasons that will become clear later. Their positions in
momentum space are given by

K = '2!

3a
,

2!

3%3a
(, K! = '2!

3a
,−

2!

3%3a
( . !3"

The three nearest-neighbor vectors in real space are
given by

!1 =
a
2

!1,%3" !2 =
a
2

!1,− %3" "3 = − a!1,0" !4"

while the six second-nearest neighbors are located at
"1!= ±a1, "2!= ±a2, "3!= ± !a2−a1".

The tight-binding Hamiltonian for electrons in
graphene considering that electrons can hop to both
nearest- and next-nearest-neighbor atoms has the form
!we use units such that #=1"

H = − t )
*i,j+,$

!a$,i
† b$,j + H.c."

− t! )
**i,j++,$

!a$,i
† a$,j + b$,i

† b$,j + H.c." , !5"

where ai,$ !ai,$
† " annihilates !creates" an electron with

spin $ !$= ↑ , ↓ " on site Ri on sublattice A !an equiva-
lent definition is used for sublattice B", t!&2.8 eV" is the
nearest-neighbor hopping energy !hopping between dif-
ferent sublattices", and t! is the next nearest-neighbor
hopping energy1 !hopping in the same sublattice". The
energy bands derived from this Hamiltonian have the
form !Wallace, 1947"

E±!k" = ± t%3 + f!k" − t!f!k" ,

1The value of t! is not well known but ab initio calculations
!Reich et al., 2002" find 0.02t% t!%0.2t depending on the tight-
binding parametrization. These calculations also include the
effect of a third-nearest-neighbors hopping, which has a value
of around 0.07 eV. A tight-binding fit to cyclotron resonance
experiments !Deacon et al., 2007" finds t!&0.1 eV.

a

a

1

2

b

b

1

2

K
Γ

k

k

x

y

1

2

3

M

δ δ

δ

A B

K’

FIG. 2. !Color online" Honeycomb lattice and its Brillouin
zone. Left: lattice structure of graphene, made out of two in-
terpenetrating triangular lattices !a1 and a2 are the lattice unit
vectors, and "i, i=1,2 ,3 are the nearest-neighbor vectors".
Right: corresponding Brillouin zone. The Dirac cones are lo-
cated at the K and K! points.
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6B;m`2 kXk, U�V >2t�;QM�H H�iiB+2 +QMbBbiBM; Q7 irQ i`B�M;mH�` bm#H�iiB+2b- � U`2/V �M/ " U#Hm2V-
�M/ U#V }`bi "`BHHQmBM xQM2 Q7 i?2 +Q``2bTQM/BM; `2+BT`Q+�H H�iiB+2X h?2 H�iiB+2 mMBi p2+iQ`b
a1,2- i?2 LL p2+iQ`b δδδ1,2,3- �M/ i?2 `2+BT`Q+�H H�iiB+2 p2+iQ`b b1,2 �`2 b?QrMX

Q7 ;`�T?2M2 �i HQr 2M2`;B2b �`2 /QKBM�i2/ #v i?2 π 2H2+i`QMb QM i?2 �iQKB+ bBi2b Q7 i?2
irQ@/BK2MbBQM�H "`�p�Bb H�iiB+2X Ai Bb TQbbB#H2 iQ KQ/2H i?2K #v mbBM; � hB;?i@"BM/BM;
Uh"V KQ/2H r?B+? �bbmK2b i?�i r�p27mM+iBQMb /Q MQi Qp2`H�T- i?mb i?2 π 2H2+i`QMb �`2
+QM}M2/ �i i?2 ;`�T?2M2 �iQKB+ bBi2bX h?Bb /2`Bp�iBQM r�b }`bi b?QrM #v SX q�HH�+2 (9)
�M/ ?�b �HbQ #22M /2b+`B#2/ 2Hb2r?2`2 (3- N- jk)X AM i?2 h" KQ/2H 2H2+i`QMB+ +?�`;2b KQp2
#v Ƕ?QTTBM;Ƕ #2ir22M �iQKbX AM Q`/2` iQ ?QT �M 2M2`;v #�``B2` Bb Qp2`+QK2- i?2 bi`2M;i?
Q7 r?B+? /2i2`KBM2b i?2 T`Q#�#BHBiv Q7 ?QTTBM;X 6Q` π 2H2+i`QMb QM T`BbiBM2 ;`�T?2M2 i?2
?QTTBM; Bb KQbi HBF2Hv #2ir22M M2�`2bi@M2B;?#Q` �iQKb ULLV Q7 i?2 b�K2 b?22i- 2tT`2bb2/
#v i?2 2M2`;v T�`�K2i2` tX h?2 M2ti ?B;?2bi ?QTTBM; T`Q#�#BHBiv QM T`BbiBM2 ;`�T?2M2
Bb #2ir22M M2ti@M2�`2bi@M2B;?#Q` �iQKb ULLLV �M/ +�M #2 `2T`2b2Mi2/ #v T�`�K2i2` t′-
r?2`2 t′ < tX h?2 h" KQ/2H +�M �HbQ BM+Hm/2 r2�F2` ?QTTBM; T�`�K2i2`b- i?�i `2T`2b2Mi
BMi2`�+iBQMb #2ir22M bBi2b rBi? H�`;2` b2T�`�iBQMX >Qr2p2`- i?2v �`2 `QmiBM2Hv B;MQ`2/ BM
+�H+mH�iBQMb bBM+2 i?2v �`2 H2bb `2H2p�Mi 7Q` HQr@2M2`;v 2H2+i`QMB+ T`QT2`iB2bX *QMbB/2`BM;
BMi2`�+iBQMb #2ir22M i?2 }`bi irQ M2�`2bi M2B;?#Q`b i?2 >�KBHiQMB�M +�M #2 r`Bii2M �b
(3),

H = −t
∑

<ij>

a+i bj − t′
∑

<<ij>>

(a+i aj + b+i bj) +H.c. , UkXRV

r?2`2 i?2 +`2�iBQMf�MMB?BH�iBQM QT2`�iQ`b Q7 �M 2H2+i`QMB+ 2t+Bi�iBQM �i �iQKB+ bBi2 i QM
i?2 � �M/ " bm#H�iiB+2b �`2 r`Bii2M �b a+i fai �M/ b+i fbi- `2bT2+iBp2HvX h?2 bmK Qp2`

d



kXR S`QT2`iB2b Q7 :`�T?2M2

< ij > QMHv +QmMi i?2 LL �M/ i?�i Qp2` << ij >> QMHv +QmMi i?2 LLL bBi2bX "2+�mb2
M2B;?#Q`BM; bBi2b #2HQM; iQ /Bz2`2Mi bm#H�iiB+2b t QMHv `2H�i2b iQ ?QTTBM; #2ir22M �M/ t′

QMHv iQ ?QTTBM; rBi?BM bm#H�iiB+2bX h?2`27Q`2- Bi +�M #2 mb27mH iQ r`Bi2 i?2 r�p27mM+iBQMb
BM bTBMQ` MQi�iBQM �b ψk =

(
φA
k φB

k

)
- r?2`2 i?2 �KTHBim/2b Q7 i?2 � �M/ " bm#H�iiB+2b

�`2 +QMi�BM2/ BM i?2 p2+iQ`b φA
k �M/ φB

k - `2bT2+iBp2HvX hQ bQHp2 a+?`ƺ/BM;2`Ƕb 2[m�iBQM-
KmHiBTHvBM; ψ∗

k QM i?2 H27i Q7 Hψk = Eψk vB2H/b,

Hk = Ek Sk UkXkV

r?2`2 Hk Bb � 2× 2 K�i`Bt i?�i +QMi�BMb i?2 ?QTTBM; T`Q#�#BHBiB2b #2ir22M bm#H�iiB+2b
QM i?2 /B�;QM�H �M/ QM i?2 b�K2 bm#H�iiB+2 QM i?2 Qz@/B�;QM�H i2`KbX AM i?2 Qp2`H�T
K�i`Bt Sk i?2 MQM@/B�;QM�H i2`Kb �`2 x2`Q- bBM+2 i?2 h" KQ/2H 2t+Hm/2b Qp2`H�T #2ir22M
bm#H�iiB+2b- �M/ MQ`K�HBxBM; i?2 r�p27mM+iBQM BKTQb2b i?�i i?2 /B�;QM�H i2`Kb �`2 2�+?
2[m�H iQ RX A7 i?2 KQ/2H Bb bBKTHB}2/ iQ QMHv BM+Hm/2 LL ?QTTBM; U2t+Hm/BM; LLL
?QTTBM; �M/ b2iiBM; t′ = 0V- i?2M MQ ?QTTBM; Q++m`b rBi?BM i?2 b�K2 bm#H�iiB+2X h?Bb
i`mM+�iBQM `2bmHib BM � /2b+`BTiBQM Q7 HQr@2M2`;v T`QT2`iB2bX AM i?Bb +�b2- i?2 /B�;QM�H
i2`Kb Q7 Hk #2+QK2 x2`Q �M/ 1[X kXR #2+QK2b,

(
Ek tφA

kφ
B∗
k

tφA∗
k φB

k Ek

)
= 0 UkXjV

h?2 Qz@/B�;QM�H i2`Kb QMHv BM+Hm/2 i?2 i?2 i`�MbH�iBQMb iQ i?2 i?`22 LL bBi2bX h?2 T`Q/@
m+ib +�M i?mb #2 r`Bii2M �b tφA

kφ
B∗
k = t

∑
l e

ik·δδδ = tγk �M/ tφA∗
k φB

k = t
∑

l′ e
−ik·δδδ = tγ∗k-

r?2`2 l �M/ l′ BM/B+�i2b i?2 bmK Qp2` i?2 i?`22 LL Q7 � �M/ " bm#H�iiB+2 bBi2bX h?2
/BbT2`bBQM Q#i�BM2/ #v bQHpBM; 1[X kXj i?mb #2+QK2b,

Ek = ±t
√
γkγ∗k , UkX9V

where γkγ
∗
k = 3 + 4 cos(

3

2
akx) cos(

√
3

2
aky) + 2 cos(

√
3aky)

AM i?2 HQr@2M2`;v `2;BK2- r?2`2 LL BMi2`�+iBQM t /QKBM�i2b- i?Bb 2[m�iBQM /2b+`B#2b
K�Mv BKTQ`i�Mi �bT2+ib Q7 ;`�T?2M2 `2H�iBp2Hv �++m`�i2HvX h?2 2M2`;v /BbT2`bBQM Q7
1[X kX9 Bb THQii2/ BM 6B;X kXjU�VX *QM/m+iBQM �M/ p�H2M+2 #�M/b �`2 bvKK2i`B+ �M/ iQm+?
�i bBt TQBMib BM KQK2MimK bT�+2- r?B+? �`2 i?2 .B`�+ TQBMib �i K �M/ K′X 1tT�M/BM;
1[X kX9 BM i?2 pB+BMBiv Q7 i?2 .B`�+ TQBMib mbBM; δk = k−K- �M/ bBKBH�`Hv 7Q` K′- vB2H/b
� HBM2�` /BbT2`bBQM,

E±(δk) = ±!vF|δk| , where vF =
3 a t

2 ! UkX8V

h?2 /Bz2`2Mi bB;Mb ± `272` iQ i?2 2tT�MbBQMb Q7 i?2 +QM/m+iBQM U+V �M/ p�H2M+2 U−V
#�M/bX hQ;2i?2` i?2v 7Q`K i?2 .B`�+ +QM2b- QM2 Q7 r?B+? Bb b?QrM BM 6B;X kXjU#VX �
`2bmHi Q7 i?Bb 2[m�iBQM Bb i?�i B7 i?2 62`KB 2M2`;v UEFV Bb +HQb2 iQ i?2 2M2`;v Q7 i?2
.B`�+ TQBMib UEDV- i?2M HQr@2M2`;v 2t+Bi�iBQMb 7QHHQr i?2 HBM2�` /BbT2`bBQM Q7 i?2 .B`�+
+QM2b �M/ T`Q/m+2 #�HHBbiB+ 2H2+i`QMB+ i`�MbTQ`iX AM i?�i +�b2 +?�`;2 +�``B2`b #2?�p2
�b K�bbH2bb .B`�+ 72`KBQMb i?�i KQp2 �i � +QMbi�Mi bT22/ ;Bp2M #v i?2 62`KB p2HQ+Biv
vF ≈ 106 Kfb (d)X h?2`27Q`2- �M 2z2+iBp2 mHi`�@`2H�iBpBbiB+ .B`�+ 2[m�iBQM +�M #2 mb2/
iQ /2b+`B#2 i?2 2H2+i`QMb �M/ T`2/B+i bQK2 MQp2H 2z2+ib BM ;`�T?2M2X 1tT�MbBQM Q7
i?2 bT2+i`mK �i i?2 .B`�+ TQBMib mT iQ i?2 b2+QM/ Q`/2` BM δk vB2H/b �M �//BiBQM�H

3
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6B;m`2 kXj, U�V "mHF ;`�T?2M2 /BbT2`bBQM `2H�iBQM /2`Bp2/ mbBM; i?2 h" KQ/2H rBi? QMHv Rbi
LL BMi2`�+iBQM U1[X kX9VX h?2 .B`�+ TQBMib �M/ ?2t�;QM�H }`bi "`BHHQmBM xQM2 Bb BM/B+�i2/ BM
`2/X U#V J�;MB}2/ /BbT2`bBQM Q#i�BM2/ #v 2tT�M/BM; M2�` i?2 .B`�+ TQBMib U1[X kX8VX h?2b2
`2bmHib ?�p2 #22M b?QrM BM _27X (9- 3- N- jk)X

i2`K ∓(32 a
2 t sin(3 tan −1(px/py)) |δk|2 BM 1[X kX8X h?Bb BMi`Q/m+2b � /2T2M/2M+2 QM i?2

/B`2+iBQM Q7 δk rBi? � i?`227QH/ bvKK2i`v- r?B+? Bb i?2`27Q`2 +�HH2/ i`B;QM�H r�`TBM;X
h?2 /BbT2`bBQM Bb KQ/B}2/ B7 LLL BMi2`�+iBQMb �`2 �HbQ +QMbB/2`2/ BM 1[X kXkX aQHpBM; Bi
i?2M vB2H/b,

Ek = ±t
√
γkγ∗k − t′(γkγ

∗
k − 3) UkXeV

1tT�MbBQM Q7 i?Bb M2�` i?2 .B`�+ TQBMib BMi`Q/m+2b � bmKK�M/ +3t′ BMiQ 1[X kX8X h?Bb
b?B7ib i?2 #�M/b iQ ?B;?2` 2M2`;B2b U7Q` TQbBiBp2 t �M/ t′V- i?2`2#v #`2�FBM; i?2 2H2+i`QM@
?QH2 bvKK2i`vX

q?2M KmHiBTH2 ;`�T?2M2 H�v2`b �`2 +QKK2Mbm`�i2Hv bi�+F2/- i?2 2H2+i`QMB+ T`QT2`iB2b
+?�M;2 rBi? i?2 MmK#2` Q7 H�v2`b �M/ i?2 bi�+FBM; Q`/2`X h?Bb +�M #2 /2`Bp2/ pB� �
h" ?�KBHiQMB�M #v BMi`Q/m+BM; ?QTTBM; i2`Kb #2ir22M i?2 ;`�T?2M2 H�v2`b- r?B+? Bb
FMQrM �b i?2 aHQM+x2rbFB@q2Bbb@J+*Hm`2 KQ/2H (3- N- jj)X hQ +�H+mH�i2 i?2 /BbT2`bBQM-
i?2 r�p27mM+iBQM +�M #2 2tT�M/2/ iQ ?�p2 � �M/ " bm#H�iiB+2 +QKTQM2Mib 7`QK #Qi?
H�v2`bX PM irQ �" bi�+F2/ ;`�T?2M2 H�v2`b- r?B+? Bb i?2 KQbi bi�#H2 bi�+FBM;- i?2 KQbi
bB;MB}+�Mi BMi2`@H�v2` ?QTTBM; t⊥ Bb #2ir22M �@bBi2b i?�i HB2 /B`2+iHv QM iQT Q7 2�+? Qi?2`
QM /Bz2`2Mi H�v2`bX h?2 bBKTH2bi KQ/2H Bb i?mb `2�HBx2/ #v �//BM; � i`�MbBiBQM i2`K
#2ir22M i?2 � bm#H�iiB+2 Q7 i?2 H�v2`b iQ i?2 ?�KBHiQMB�M BM 1[X kXRX h?Bb vB2H/b irQ
#�M/b i?�i iQm+? �i i?2 .B`�+ TQBMib,

Ek ≈ ±v2Fk
2/t⊥ UkXdV

h?2 /BbT2`bBQM Bb MQi HBM2�`- #mi T�`�#QHB+X hrQ �//BiBQM�H #�M/b i?�i �`2 b?B7i2/ 7`QK
i?2 .B`�+ TQBMi #v ± t⊥ �HbQ 2tBbiX A7 �M 2H2+i`Q+?2KB+�H TQi2MiB�H Uc Bb �TTHB2/ #2ir22M
i?2 H�v2`b i?2M /Bz2`2Mi +QMbi�Mi QM@bBi2 TQi2MiB�Hb +�M #2 �//2/ iQ i?2 mTT2` �M/ HQr2`
H�v2`- `2bT2+iBp2Hv (3)X AM+Hm/BM; ±Uc BM i?2 }`bi �M/ b2+QM/ H�v2` /B�;QM�H i2`Kb Q7 i?2
?�KBHiQMB�M- `2bT2+iBp2Hv- #`2�Fb i?2 bvKK2i`v #2ir22M i?2 H�v2`bX 6Q` Uc << t i?Bb
+�M #2 2tT�M/2/ iQ,

Ek ≈ ±(Uc − Ucv
2
Fk

2/t⊥ + v4Fk
4/2t2⊥Uc) UkX3V

N
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h?mb �M 2M2`;v ;�T Bb QT2M2/ #2ir22M i?2 +QM/m+i�M+2 �M/ p�H2M+2 #�M/- i?�i /2T2M/b
QM UcX h?Bb ;�T +�M #2 KQ/B}2/ BM 2tT2`BK2Mi�H bvbi2Kb B7 � bi�iB+ }2H/ Bb �TTHB2/
#2HQr i?2 #BH�v2` ;`�T?2M2 #v � bm#bi`�i2 /m2 iQ 2H2+i`QMB+ /QTBM; Q` � #�+F;�i2X A7
i?2`2 �`2 KQ`2 �" bi�+F2/ H�v2`b- i?2 /BbT2`bBQM `2H�iBQM /2T2M/b QM i?2 MmK#2` Q7
H�v2`b N �M/ i?2 bi�+FBM; Q`/2` (3)X 6Q` "2`M�H bi�+FBM; U�"�" XXXV rBi? �M 2p2M N -
N/2 T�`�#QHB+ 2H2+i`QM �M/ ?QH2 bi�i2b �TT2�` i?�i iQm+? �i i?2 .B`�+ TQBMiX 6Q` Q//
N - i?2`2 �`2 (N − 1)/2 T�`�#QHB+ bi�i2b- �b r2HH �b QM2 HBM2�` bi�i2X 6Q` `?QK#Q?2/`�H
bi�+FBM; U�"*�"* XXXV- �i i?2 .B`�+ TQBMi irQ bi�i2b 7QHHQr i?2 `2H�iBQM |δk|N - r?BH2
2N − 2 bi�i2b �`2 HBM2�`X

kXRXj 1TBi�tB�H ;`�T?2M2 QM aB*
:`�T?2M2 +�M #2 Q#i�BM2/ #v i?2`K�H /2+QKTQbBiBQM QM aB*UyyyRV- i?2 *@i2`KBM�i2/
7�+2 Q7 aB*- �M/ QM aB*UyyyRV- i?2 aB@i2`KBM�i2/ 7�+2X "Qi? Q7 i?2K �`2 b+?2K�iB+�HHv
b?QrM BM 6B;X kX9X PM i?2 *@7�+2- i?2`2 �`2 /�M;HBM; * #QM/b- r?2`2�b i?2 aB@7�+2
72�im`2b /�M;HBM; aB #QM/bX 1TBi�tB�H ;`�T?2M2 Bb +`2�i2/ r?2M i?2 aB �iQKb QM i?2
*@7�+2 Q` aB@7�+2 Q7 9>@aB* Q` e>@aB* +`vbi�Hb �`2 bm#HBK�i2/ �i i2KT2`�im`2b �#Qp2
RRyy◦* U*@7�+2V- Rk8y◦* UaB@7�+2V (j9)X �7i2` i?2 aB �iQKb ?�p2 /2bQ`#2/- i?2 `2K�BMBM;
* �iQKb Q7 �TT`QtBK�i2Hv i?`22 #BH�v2`b Q7 aB* +�M 7Q`K QM2 ;`�T?2M2 H�v2` QM i?2
+`vbi�HǶb bm`7�+2X h?2 ;`Qri? Q7 i?2 2TBi�tB�H H�v2`b /2T2M/b mTQM i?2 7�+2 Q7 aB* U*@ Q`
aB@7�+2V- i?2 i2KT2`�im`2 Ur?B+? T`QKQi2b *@2M`B+?K2Mi �M/ bm`7�+2 /BzmbBQMV �M/ i?2
;�b ~Qr �M/ T`2bbm`2 Q7 /2bQ`#2/ aB �M/ Q7 i?2 BM2`i ;�b �iKQbT?2`2- B7 Bi Bb mb2/X PM
i?2 aB@7�+2- � *@`B+? H�v2` rBi? � *@�iQK /2MbBiv bBKBH�` iQ ;`�T?2M2 i?�i Bb +Qp�H2MiHv
#QM/2/ iQ i?2 aB �iQKb QM i?2 aB* bm`7�+2 Bb 7Q`K2/X h?Bb Bb +�HH2/ i?2 #mz2` H�v2`X
A7 KQ`2 *@`B+? H�v2`b �`2 ;`QrM- i?2 ?B;?2` H�v2`b �bbmK2 i?2 T`QT2`iB2b Q7 ;`�T?2M2X
PM i?2 *@7�+2- i?2 bm#bi`�i2 /Q2b MQi bi`QM;Hv #QM/ iQ i?2 *@`B+? H�v2` �M/ ;`�T?2M2
Bb 7Q`K2/ 2p2M /B`2+iHv �#Qp2 i?2 aB* bm`7�+2X .m`BM; 2TBi�tB�H ;`Qri?- i?2 �MM2�HBM;
T`2bbm`2 +�M +QMi`QH i?2 *@2M`B+?K2Mi #v /Bz2`2Mi K2+?�MBbKb, B7 i?2 b�KTH2 Bb 2M;mH72/
#v aB ;�b- i?2M i?2 T`2bbm`2 /B`2+iHv �/Dmbib i?2 aB ~Qr 7`QK i?2 b�KTH2c B7 �M BM2`i ;�b
2MpB`QMK2Mi- bm+? �b �`;QM- Bb mb2/- i?2M i?2 BM2`i #mz2` ;�b `2/m+2b i?2 T`Q#�#BHBiv Q7
/2bQ`#2/ aB �iQKb `2im`MBM; iQ i?2 b�KTH2 bm`7�+2 �M/ T`QKQi2b *@2M`B+?K2Mi (j8- je)X

Epitaxial Graphene on SiC(000!")

), 

Hass, et al., J. Phys.; Condens. Matter 20, 323202 (2008). P.N. First, et al., MRS Bulletin 35, 296 (2010).

Ø Motivation: Investigate spin-polarization on z-GNR on doped 
graphene and on rotationally disordered multi-layer graphene

C-face

Si-face

Si atom
C atom

1

SiC(000!1) 
direction

6B;m`2 kX9, a+?2K�iB+ bB/2 pB2r Q7 9>@aB*- i?2 *@ �M/ aB@7�+2 Q7 aB*UyyyRV �`2 K�`F2/ #v `2/
HBM2bX � bBKBH�` b+?2K�iB+ /2TB+iBQM Bb b?QrM BM _27X (j8)X

Ry
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1TBi�tB�H :`�T?2M2 QM aB*UyyyRV
PM i?2 *@7�+2- i?2 ;`�T?2M2 ;`Qri? Bb 7�bi2` i?�M QM i?2 aB@7�+2 �M/ BMBiB�HHv b2T�`�i2
;`�T?2M2 /QK�BMb �`2 7Q`K2/- r?B+? 2p2Mim�HHv +Qp2` i?2 r?QH2 b�KTH2 bm`7�+2X .m`BM;
i?2 2TBi�tB�H ;`Qri? i?2 MmK#2` Q7 H�v2`b �HbQ BM+`2�b2bX PM i?2 *@7�+2- i?2 ;`Qri? `�i2
�M/ i?mb i?2 MmK#2` Q7 ;`�T?2M2 H�v2`b /Bz2`b HQ+�HHv (j9)X PM /Bz2`2Mi /QK�BMb i?2
/B`2+iBQM Q7 i?2 ;`�T?2M2 H�iiB+2 ;`QrM QM i?2 *@7�+2 +�M /Bz2`- BM +QMi`�bi iQ i?2 aB@7�+2X
6Q` KmHiB@H�v2` 2TBi�tB�H ;`�T?2M2- `2bmHib b?QrBM; `Qi�iBQM�H KBb�HB;MK2Mi #2ir22M H�v@
2`b BMbB/2 i?2 ;`�T?2M2 bi�+Fb UBX2X MQi �" Q` �� bi�+F2/ H�v2`bV ?�p2 #22M `2TQ`i2/X
h?Bb +�M #2 b22M BM i?2 ahJ BK�;2 6B;X kX8U�V (jd)- i?�i b?Qrb b2p2`�H /Bz2`2Mi JQB`û
T�ii2`Mb- r?B+? �`2 7Q`K2/ #v KBb�HB;M2/ H�iiB+2bX >Qr2p2`- � /Bz2`2Mi bim/v 7QmM/
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476 M. Naitoh et al.

Fig. 4. (a) STM current image taken after annealing a
6H-SiC(0001̄) surface at 1800◦C for 60 s. Vs = −2.0 V,
I = 0.3 nA, S = 95 × 95 nm2. (b) Illustration of two
graphite layers whose lattice basis vectors are rotated by
10◦ from each other.

orientations, the growing layer may be lifted up at
domain boundaries on the surface, so that the CNT’s
could be formed.

Forbeaux et al. reported that the first graphite
layer is strongly bound to the C atom in the top layer
of the 6H-SiC(0001̄) substrate since the π* state are
lacking at low carbon coverage.2 This strong inter-
action between the graphite layer and the substrate
may cause the formation of azimuthally disordered
graphite layers.

Figure 4(a) shows an STM current image taken
after annealing a 6H-SiC(0001̄) surface at 1800◦C for

60 s. Many large and small domains showing vari-
ous periodicities therein have grown, being separated
from each other by domain boundaries. For example,
the domains labelled “B” and “C” have periodicities
of 0.79 nm and 1.46 nm separations, respectively,
which correspond to “3.1×3.1” and “5.7×5.7” with
respect to the graphite 1×1 structure. This STM im-
age can be explained as Moiré patterns due to differ-
ent combinations of two graphite layers. Figure 4(b)
shows an illustration of two graphite layers whose lat-
tice basis vectors are rotated by 10◦ from each other.
We can observe a Moiré pattern with 5.7 × 5.7 peri-
odicity with respect to the graphite 1 × 1 structure.
In a LEED pattern shown in Fig. 5, azimuthally-
disordered graphite 1 × 1 spots were observed to-
gether with the fundamental 6H-SiC(0001̄)1×1 spots
indicated by white arrows, although brightest parts
in the diffraction ring define a hexagonal lattice,
where the lattice basis vectors of graphite are ro-
tated by 30◦ with respect to that of 6H-SiC(0001̄)
surface. The weak spots in the diffraction ring are
attributed to the hexagonal lattice, where the lattice
basis vectors of graphite coincide with that of the
6H-SiC(0001̄) surface. From both STM and LEED
observations, we conclude that the surface consists of
a mosaic of small crystalline domains with azimuthal
disorder, but that domains which are rotated by 30◦

as well as 0◦ compared with the lattice basis vectors
of the substrate are dominant.

Fig. 5. LEED pattern taken after annealing a 6H-
SiC(0001̄) surface at 1800◦C for 60 s. The electron energy
is 614 eV.
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films. Notice that the preferential orientations in our films
differ in detail from the one previously reported for furnace
grown samples,15,16,22 probably due to different preparation
conditions. The STM experiments were performed at room
temperature in UHV using mechanically cut PtIr tips. The
STM observations reported in this paper were similar for the
two layers !3 and 5 ML thick".

Throughout the paper, AB refers to the stacking sequence
of carbon planes and ! and " refer to the two sites in the unit
cell of the surface graphene layer. For bulk Bernal graphite
for instance, the stacking is ¯ABAB¯, the ! site is above a
carbon atom in the next layer, whereas the " site is on a
hollow site !they are therefore not equivalent".

III. RESULTS AND DISCUSSION

A representative large scale !150#150 nm2" image is
shown in Fig. 1. In Fig. 1!a", there is essentially a single
terrace !see below" cut by pleats !P" with a typical height of
0.5–2 nm. Such P features have already be mentioned for
graphitized 6H-SiC!000-1" surface, although for a much
higher annealing temperature.25 One also notices curved
lines made of “beads” !B", with a typical height of 0.2 nm,

which were also observed in previous works.19,20 Atomic res-
olution of the P and B structures demonstrate that they are
made of !curved" graphitic carbon #a small scale image of a
B structure is shown in Fig. 3!a"$, as in Refs. 20 and 25. This
kind of features is generally not observed for FLGs grown on
the Si face.14,26 Their origins are unknown, but they have
been considered as precursors for the growth of carbon nano-
tubes on the C face.19,20 Figure 1!b" is the same image as Fig.
1!a", but with an enhanced contrast on the flat area. The
difference in height on the colored !light gray" area is less
than 0.2 nm full width at full maximum, which shows that it
is a single terrace. Atomic resolution images that are taken at
various spots on the flat areas #see, e.g., Fig. 2!a"$ reveal a
hexagonal structure with the lattice parameter of graphite
!a=0.246 nm", as expected. An important point is that vari-
ous superstructures !superlattices" are observed on the ter-
races, which are bounded by B or P structures. Their period
is in the nanometer range #from 2.5 to 3.8 nm in Fig. 1!a"$,
and their corrugation is a fraction of angstroms. They re-
semble the superstructures, which have been extensively
studied on graphite27–29 and which are interpreted as moiré
pattern due to a misorientation, with rotation angle $, be-
tween the two outermost C layers.30 The overall morphology
of our sample !Fig. 1" is similar to the one previously
reported20 for a 6H-SiC!000-1" sample graphitized at
1800 °C, showing domains with various super lattices sepa-
rated by lines of protrusions. In Ref. 20, the superstructures
were also assigned to moiré patterns, although no experimen-
tal evidence was presented. In the following, we present ar-
guments that support this interpretation, but we already no-
tice that the observation of these “moiré patterns” is a direct
evidence for a rotational disorder in the !vertical" stacking of
the FLGs.

The interpretation of the superstructures in Fig. 1!a" as
moiré patterns is made by using the same arguments as for
graphite surfaces.28–30 In Fig. 2!a", we show an enlarged
view of the boxed area of Fig. 1!b" around the boundary
between the flat and corrugated zones. Atomic resolution is
achieved on the whole image, and the Fourier transform of
the image #Fig. 2!b"$ shows that the atomic lattice of the
surface graphene layer rotates across the boundary. The ro-
tation angle is close to 5°. The period of the superlattice on
the right side of the image is D=2.8 nm. In a moiré
picture,28–30 assuming that the underlying C plane has a
unique orientation, one expects D=a / #2 sin!$ /2"$, where
D=2.82 nm for $=5° and a=0.246 nm, which is consistent
with the measured value. One can also measure the angle
between the main axes of the superstructure and of the sur-
face atomic lattice, which is shown as % in Fig. 2!c" !on
another spot of the sample". In the moiré picture,28–30 $ and
% are related by %=30°−!$ /2". From the measured value of
D !1.5 nm", we derive $=9.44° and we expect %=25.3°,
which is in agreement with the measured value of 25&2°
!the measured value of this angle is affected by the STM
drift". The consistency between D, $, and % has been verified
on a number of different superlattices, which definitively es-
tablishes the origin of these structures as moiré patterns.
Other features such as the presence of beads B and the typi-
cal corrugation of the superstructure !0.2–0.5 Å" are also
reminiscent of the “moiré patterns” observed on graphite

FIG. 1. !Color online" !a" Large scale image !150#150 nm2" of
a terrace for the graphitized 6H-SiC!000-1" surface. Some pleats
!P" and beads !B" structures are indicated. Sample bias
Vs= +1.0 V and tunneling current It=0.1 nA. !b" the same image as
in !a" but with an enhanced contrast on the flat area. Superlattices
with periods in the nanometer range are seen on the terrace, which
are bounded by P or B structures. Notice the different orientations
of the superstructures in the upper and lower parts of the image.
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another spot of the sample". In the moiré picture,28–30 $ and
% are related by %=30°−!$ /2". From the measured value of
D !1.5 nm", we derive $=9.44° and we expect %=25.3°,
which is in agreement with the measured value of 25&2°
!the measured value of this angle is affected by the STM
drift". The consistency between D, $, and % has been verified
on a number of different superlattices, which definitively es-
tablishes the origin of these structures as moiré patterns.
Other features such as the presence of beads B and the typi-
cal corrugation of the superstructure !0.2–0.5 Å" are also
reminiscent of the “moiré patterns” observed on graphite

FIG. 1. !Color online" !a" Large scale image !150#150 nm2" of
a terrace for the graphitized 6H-SiC!000-1" surface. Some pleats
!P" and beads !B" structures are indicated. Sample bias
Vs= +1.0 V and tunneling current It=0.1 nA. !b" the same image as
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Here "G and "SiC are the densities of carbon atoms in
graphene and SiC in atoms per cm3, respectively. #e

G and
#e

SiC are the attenuation lengths for the C 1s photoelectron
with kinetic energy EC 1s. The quantities #e

G=3.10 nm and
#e

SiC=2.58 nm were calculated using NIST SRD-82 !Ref. 45";
details of this calculation and the derivation of Eq. !3" are
explained in the supporting information.46 The peak intensi-
ties N!!" also depend on physical parameters of the spec-
trometer and electron analyzer, but these parameters are the
same for both NG!!" and NSiC!!" and thus cancel.

The XPS spectra can be fit by two components, as shown
in Fig. 1, and the ratio between the graphene and SiC com-
ponents, NG!!" /NSiC!!", can be accurately measured. Since
NG!!" /NSiC!!" was measured over a range of ! between 0°
and 60°, a least-squares fit to Eq. !3" was used to determine
t. For more information on the thickness calculation, please
see the supplementary information.46 Since the XPS spot size
is 0.4$0.7 mm2, the thickness estimate represents an aver-
age value characterizing the FLG thickness across a few hun-
dreds of microns. In this way, the average thickness of the
FLG grown at 1500 °C was found to be 2.4%0.2 nm or
approximately 7 monolayers !ML" of graphene. Using the
same XPS analysis method, the average thickness of the
FLG grown at 1475 °C was found to be 1.8%0.1 nm or
approximately 5 ML of graphene. These thickness values
provide a convenient benchmark to qualitatively estimate the
thickness of FLG formed at different growth temperatures.

V. STM RESULTS

In what follows, we discuss in turn the nanoscale features
that have been found on FLG using STM. These features are
useful for providing insight into graphene growth.

A. General observations

AFM studies47 show the SiC substrate !carbon face" to be
stepped, with flat terraces a few hundred nanometers wide.
The terraces are terminated by steps ranging in height from
'0.7 nm to '2 nm. The flat terraces occasionally show
rough features, presumably due to inadequate chemome-
chanical polishing.

A wide growth temperature range, 1450–1600 °C, was
investigated to better understand the growth mechanisms of
graphene on SiC. Parallel XPS and AFM studies47 provided
evidence that at temperatures below 1475 °C, the carbon
coverage was sufficiently sparse that continuous FLG was
not formed. The samples grown at these lower temperatures
were not extensively studied by STM since the low electrical
conductivity of the exposed SiC substrate led to an unstable
tunnel current. Occasionally, large pits !'0.3−1.0 &m
wide" surrounded by multiple graphene ridges were found.

These defects were rare and are thought to be formed from
screw or edge dislocations in the SiC substrate. It is likely
that the hydrogen etching procedure enhanced these
defects.48 These substrate defects will not be discussed fur-
ther, as all STM scans presented were taken away from such
pits.

B. Rough graphene

At growth temperatures of 1475 °C, smooth graphenelike
surfaces of t=1.8%0.1 nm !XPS measurement" allowed re-
liable and reproducible STM studies. The graphene that
formed at this growth temperature showed two morphologies
that we name smooth graphene and rough graphene. An
STM image of these two regions is provided in Fig. 2!a". A
step edge of 1.4 nm separates the smooth and rough regions.
The smooth graphene, as confirmed by atomic-resolution
scans, was atomically flat and provided evidence for mono-
layer C step heights of 0.3 nm. The rough graphene had a
rms roughness of typically 0.15–0.20 nm and showed peak to
valley heights of '0.2–0.5 nm (Fig. 2!b"). In spite of the
roughness, it was possible to obtain atomic-resolution scans
over small 4–10 nm2 regions. Fast Fourier transforms
!FFTs" of atomic-resolution scans yielded a hexagonal peri-
odicity of 0.22%0.01 nm, indicating the presence of
graphene.

We find evidence for grain boundaries in rough graphene
formed at a growth temperature of 1500 °C
!t=2.4%0.2 nm, XPS measurement". This is illustrated in
Fig. 3!a" which shows a grain boundary separating two re-
gions of rough graphene. The width of the boundary is
'50 nm. A more detailed STM image of the boundary re-
gion is provided in Fig. 3!b". This figure shows randomly
oriented parallel 1D features with a periodicity of '4 nm.
These localized, 1D features have only been observed in the
rough graphene regions of the substrate.

C. 1D superlattice on smooth FLG

We have observed 1D superlattices that cut across smooth
regions of FLG. An example of such a defect on sample 2,

FIG. 2. !Color online" STM images of graphene grown at
1475 °C shows the two growth morphologies. In !a", an 800
$800 nm2 region, the rough graphene region is on the left while
the smooth graphene region is on the right. In !b", a 50$50 nm2

image showing the detailed morphology of the rough graphene. In
!c", a 2$2 nm2 atomic-resolution image of the rough region in !b"
reveals a hexagonal lattice. The lattice parameter a=0.245 nm of
the hexagonal lattice indicates the presence of graphene. The origi-
nal STM scan was processed with wavelet analysis !Ref. 49". Scan
parameters are Iset=5.0 nA and Vbias=72 mV for !a" and Iset
=3.0 nA and Vbias=100 mV for !b" and !c".
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Here "G and "SiC are the densities of carbon atoms in
graphene and SiC in atoms per cm3, respectively. #e

G and
#e

SiC are the attenuation lengths for the C 1s photoelectron
with kinetic energy EC 1s. The quantities #e

G=3.10 nm and
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SiC=2.58 nm were calculated using NIST SRD-82 !Ref. 45";
details of this calculation and the derivation of Eq. !3" are
explained in the supporting information.46 The peak intensi-
ties N!!" also depend on physical parameters of the spec-
trometer and electron analyzer, but these parameters are the
same for both NG!!" and NSiC!!" and thus cancel.

The XPS spectra can be fit by two components, as shown
in Fig. 1, and the ratio between the graphene and SiC com-
ponents, NG!!" /NSiC!!", can be accurately measured. Since
NG!!" /NSiC!!" was measured over a range of ! between 0°
and 60°, a least-squares fit to Eq. !3" was used to determine
t. For more information on the thickness calculation, please
see the supplementary information.46 Since the XPS spot size
is 0.4$0.7 mm2, the thickness estimate represents an aver-
age value characterizing the FLG thickness across a few hun-
dreds of microns. In this way, the average thickness of the
FLG grown at 1500 °C was found to be 2.4%0.2 nm or
approximately 7 monolayers !ML" of graphene. Using the
same XPS analysis method, the average thickness of the
FLG grown at 1475 °C was found to be 1.8%0.1 nm or
approximately 5 ML of graphene. These thickness values
provide a convenient benchmark to qualitatively estimate the
thickness of FLG formed at different growth temperatures.

V. STM RESULTS

In what follows, we discuss in turn the nanoscale features
that have been found on FLG using STM. These features are
useful for providing insight into graphene growth.

A. General observations

AFM studies47 show the SiC substrate !carbon face" to be
stepped, with flat terraces a few hundred nanometers wide.
The terraces are terminated by steps ranging in height from
'0.7 nm to '2 nm. The flat terraces occasionally show
rough features, presumably due to inadequate chemome-
chanical polishing.

A wide growth temperature range, 1450–1600 °C, was
investigated to better understand the growth mechanisms of
graphene on SiC. Parallel XPS and AFM studies47 provided
evidence that at temperatures below 1475 °C, the carbon
coverage was sufficiently sparse that continuous FLG was
not formed. The samples grown at these lower temperatures
were not extensively studied by STM since the low electrical
conductivity of the exposed SiC substrate led to an unstable
tunnel current. Occasionally, large pits !'0.3−1.0 &m
wide" surrounded by multiple graphene ridges were found.

These defects were rare and are thought to be formed from
screw or edge dislocations in the SiC substrate. It is likely
that the hydrogen etching procedure enhanced these
defects.48 These substrate defects will not be discussed fur-
ther, as all STM scans presented were taken away from such
pits.

B. Rough graphene

At growth temperatures of 1475 °C, smooth graphenelike
surfaces of t=1.8%0.1 nm !XPS measurement" allowed re-
liable and reproducible STM studies. The graphene that
formed at this growth temperature showed two morphologies
that we name smooth graphene and rough graphene. An
STM image of these two regions is provided in Fig. 2!a". A
step edge of 1.4 nm separates the smooth and rough regions.
The smooth graphene, as confirmed by atomic-resolution
scans, was atomically flat and provided evidence for mono-
layer C step heights of 0.3 nm. The rough graphene had a
rms roughness of typically 0.15–0.20 nm and showed peak to
valley heights of '0.2–0.5 nm (Fig. 2!b"). In spite of the
roughness, it was possible to obtain atomic-resolution scans
over small 4–10 nm2 regions. Fast Fourier transforms
!FFTs" of atomic-resolution scans yielded a hexagonal peri-
odicity of 0.22%0.01 nm, indicating the presence of
graphene.

We find evidence for grain boundaries in rough graphene
formed at a growth temperature of 1500 °C
!t=2.4%0.2 nm, XPS measurement". This is illustrated in
Fig. 3!a" which shows a grain boundary separating two re-
gions of rough graphene. The width of the boundary is
'50 nm. A more detailed STM image of the boundary re-
gion is provided in Fig. 3!b". This figure shows randomly
oriented parallel 1D features with a periodicity of '4 nm.
These localized, 1D features have only been observed in the
rough graphene regions of the substrate.

C. 1D superlattice on smooth FLG

We have observed 1D superlattices that cut across smooth
regions of FLG. An example of such a defect on sample 2,

FIG. 2. !Color online" STM images of graphene grown at
1475 °C shows the two growth morphologies. In !a", an 800
$800 nm2 region, the rough graphene region is on the left while
the smooth graphene region is on the right. In !b", a 50$50 nm2

image showing the detailed morphology of the rough graphene. In
!c", a 2$2 nm2 atomic-resolution image of the rough region in !b"
reveals a hexagonal lattice. The lattice parameter a=0.245 nm of
the hexagonal lattice indicates the presence of graphene. The origi-
nal STM scan was processed with wavelet analysis !Ref. 49". Scan
parameters are Iset=5.0 nA and Vbias=72 mV for !a" and Iset
=3.0 nA and Vbias=100 mV for !b" and !c".
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bKQQi? ;`�T?2M2 `2;BQM U`B;?iVX U#V JQ`T?QHQ;v Q7 i?2 `Qm;? ;`�T?2M2X U+V �iQKB+ BK�;2 QM
i?2 `Qm;? `2;BQM- ?2t�;QM�H H�iiB+2 rBi? H�iiB+2 T�`�K2i2` a = yXk98 MK Bb BM/B+�i2/X ahJ
T�`�K2i2`b, #B�b pQHi�;2 V = U�V dk Ko- U#VU+V Ryy Ko- imMM2HBM; +m``2Mi I = U�V 8Xy M�-
U#VU+V jXy M�X 6`QK "B2/2`K�MM 2i �HX UkyyNVX U?iiT,ff/tX/QBXQ`;fRyXRRyjfS?vb_2p"XdNX
Rk89RRV (98)X

h?2 ahJ `2bmHib BM 6B;X kXe b?Qr �iQKB+�HHv bKQQi? ;`�T?2M2 i2``�+2b- ?Qr2p2`
i2``�+2b rBi? `Qm;? KQ`T?QHQ;B2b ?�p2 #22M Q#b2`p2/ �b r2HH (98)X AM 6B;X kXeU�V Bi +�M
#2 b22M i?�i i?2 `Qm;? i2``�+2 Bb b2T�`�i2/ 7`QK i?2 bKQQi? QM2 #v � bi2T@2/;2X h?2
+Q``m;�iBQM QM i?2 `Qm;? i2``�+2 b?Qr2/ T2�F@iQ@p�HH2v ?2B;?ib Q7 �#Qmi yXk@yX8 MKX
L2p2`i?2H2bb- �iQKB+ `2bQHmiBQM ahJ BK�;2b +QM}`K i?2 ;`�T?2M2 H�iiB+2- �b b22M BM
6B;X kXeU#VX "v BM+`2�bBM; i?2 ;`Qri? i2KT2`�im`2- r?B+? BM+`2�b2b i?2 �p2`�;2 MmK@
#2` Q7 H�v2`b- H2bb `Qm;? �`2�b r2`2 Q#b2`p2/X h?2 `Qm;?M2bb K�v #2 BM/m+2/ #v i?2
bm#bi`�i2- QM �`2�b rBi? BM�/2[m�i2 +?2KQ@K2+?�MB+�H TQHBb?BM; #27Q`2 i?2 2TBi�tB�H
;`�T?2M2 ;`Qri?X h?mb- r?2M KQ`2 2TBi�tB�H H�v2`b �`2 ;`QrM i?2 bm#bi`�i2 BM~m2M+2 Bb
KBiB;�i2/ �M/ i?2 `Qm;? �`2� `2/m+2/X

h?2 2H2+i`QMB+ T`QT2`iB2b Q7 2TBi�tB�H ;`�T?2M2 QM aB*UyyyRV �`2 /QKBM�i2/ #v i?2
2TBi�tB�H ;`�T?2M2 BMbB/2 i?2 #�M/ ;�T Q7 i?2 aB* bm#bi`�i2- r?B+? Bb kX9j 2o U9>V- Q`
kXky 2o Ue>V �++Q`/BM; iQ �# BMBiBQ +�H+mH�iBQMb (9e)X a2p2`�H 2tT2`BK2Mib bm;;2bi i?�i
2TBi�tB�H ;`�T?2M2 bi�+Fb ?�p2 bBKBH�` /BbT2`bBQMb �b bBM;H2 H�v2` ;`�T?2M2X �KQM; i?2b2
�`2 2H2+i`QMB+ i`�MbTQ`i K2�bm`2K2Mib QM �#Qmi Ry@ky H�v2` ;`�T?2M2 (9d- 93) �M/ a+�M@
MBM; hmMM2HBM; aT2+i`Qb+QTv UahaV BM K�;M2iB+ }2H/b QM �#Qmi Ry 2TBi�tB�H H�v2`b (9N)X
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Supplementary Figures

The morphology of graphene on the carbon-face (C-
face) of SiC is shown in Supplementary Figure 1, and 
consists of moiré pattern with a unit cell of 5.7 nm, 
corresponding to a rotation between the topmost layer 
and the layer beneath of 2.3°. A high resolution image of 
the graphene honey-comb lattice is shown in Fig. 1, 
upper left inset.

Supplementary Figure 2 shows the characteristic 
tunnelling spectra of epitaxial graphene on SiC in zero 
magnetic field.  Two distinct minima are observed in the 
tunnelling conductance corresponding to the Dirac point 
and the Fermi level.  The minimum at the Dirac point at
-125 mV indicates n-type doping of 1 x 1012 cm-2.   The 
second minimum at the Fermi level is characteristic of 
tunnelling into graphene, which we observe both in 
epitaxial graphene on SiC and exfoliated single-layer 
graphene on SiO2.

Supplementary Figure 1 | STM topographic image, 20 nm x 20 nm, 
of epitaxial graphene grown on C-face SiC showing a moiré pattern 
with a unit cell of 5.7 nm, corresponding to a rotation of 2.3 ° between 
the top two layers.  Tunnelling parameters: setpoint current 100 pA, 
sample bias -250 mV, T= 13 mK.
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Supplementary Figure 2 | Tunnelling dI/dV spectra of epitaxial 
graphene in zero magnetic field.  Two minima are observed; one at the 
Dirac point, -125 mV, and one at the Fermi level, 0 mV. Tunnelling 
parameters: setpoint current 200 pA, sample bias -250 mV, modulation 
voltaJH�����ȝ9��7 ����P.�
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Hall mobility vs. carrier density of three-carrier channels of 13 different samples

[Y.-M. Lin, et al., Appl. Phys. Let. 97, 112107 (2010).]

coupling between the layers,13 which would allow electrical
conduction between them. Previous studies have shown that
the first few graphene layers close to the SiC substrate are
heavily doped, with the doping level decreasing away from
the interface.14,15 Since the carrier mobility of graphene de-
pends on the carrier density16 and is also sensitive to sources
of scattering in the environment, it is expected that graphene
layers at different distances from the substrates would pos-
sess different mobilities.

Using the multicarrier analysis, Fig. 3!a" shows the mea-
sured Hall mobility as a function of carrier density for 13
graphene devices fabricated from five different C-face SiC
substrates with more than ten graphene layers. All devices
exhibit magneto-transport behaviors similar to those shown
in Fig. 2, where good agreement with the data is obtained
using the three-carrier model. Fig. 3!a" suggests that electri-
cal transport in the measured C-face MLG is dominated by
three groups of carriers: one involves a higher density of
holes with mobilities below 4000 cm2 /V s, one with a lower
density of holes with high mobilities in excess of
10000 cm2 /V s, and one with electrons with mobilities
above 3000 cm2 /V s. We note that while the multicarrier
analysis does not reflect the exact number of graphene layers
in the sample participating in transport, the electrical trans-
port of the entire graphene stack can be effectively described
by only three conduction channels with different average
mobilities and densities. Since epitaxial MGL are heavily
n-type in the vicinity of the SiC interface1,14 and become
nearly intrinsic in subsequent layers,15 we attribute the
n-type channel !I" to the first few graphene layers near the
SiC substrate, the lightly p-type channel !II" to the subse-
quent layers, and the heavily p-type channel !III" to the up-
permost layers, as shown in Fig. 3!b". The doping profile of
epitaxial MLG is schematically shown in Fig. 3!c". In the
lightly-doped channel !II", carriers are effectively screened
from the charged scattering sources by the underlying and
overlaying graphene layers, allowing for the highest carrier
mobility among the three conduction channels. While high

carrier mobilities in the quasi-intrinsic part of the MLG have
also been previously investigated by far infrared optical ab-
sorption techniques,7,8 the results and analysis shown here
present the evidence of such high mobility carriers in elec-
trical measurements.

In summary, we show that transport in thin epitaxial
graphene is essentially a single-carrier type regardless of the
SiC face. In thick MLG grown on C-face SiC, however, elec-
trical transport involves multiple types of carriers with dif-
ferent mobilities in different graphene layers. High mobilities
are preserved in the quasi-intrinsic graphene region sand-
wiched between the underlying and overlaying conducting
layers.
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FIG. 3. !Color online" !a" Hall mobility as a function of carrier density,
extracted using the three-carrier analysis, for 13 graphene devices fabricated
from five different C-face SiC substrates with more than ten graphene lay-
ers. !b" Schematics of multilayer graphene grown on C-face SiC, showing
the three dominant channels involving layers with different doping and
transport properties. !c" Schematics of the doping profile of epitaxial
graphene multilayers.

112107-3 Lin et al. Appl. Phys. Lett. 97, 112107 !2010"

Carrier density [1/cm2]

Ha
ll 

M
ob

ili
ty

 [c
m

2 /
Vs

]

(a)

(c)

(b)

6B;m`2 kXd, hmMM2HHBM; /If/V UBM M�MQ@
aB2K2MbV p2`bmb #B�b pQHi�;2 QM 2TBi�tB�H
;`�T?2M2faB*UyyyRV �i T = 13 KEX hrQ KBM@
BK� �TT2�` U�i V = −125 Ko �M/ V = 0VX
aha T�`�K2i2`b, BMBiB�H #B�b pQHi�;2 V =
−250 Ko- imMM2HBM; +m``2Mi I = 200 T�- KQ/@
mH�iBQM pQHi�;2 Vmod = 250 µoX _2T`BMi2/
#v T2`KBbbBQM 7`QK aT`BM;2` L�im`2, L�im`2
Ǵ>B;?@`2bQHmiBQM imMM2HHBM; bT2+i`Qb+QTv Q7 �
;`�T?2M2 [m�`i2iǴ- uQmM; C�2 aQM; 2i �HX-
UkyRyV (8R)X

) sample cleaned by H2 etching
Annealed by induction furnace to form ~ 6 EG layers

[Y.J. Song, et al., Nature 467, 185 (2010).]

(TS) at T = 13 mK on few-layer graphene with 

= 0.25 mV, set-point: It = 200 pA, Ug = –250 mV)

and near ED at about -125 meV

2www.nature.com/nature

doi: 10.1038/nature09330 SUPPLEMENTARY INFORMATION

Supplementary Figures

The morphology of graphene on the carbon-face (C-
face) of SiC is shown in Supplementary Figure 1, and 
consists of moiré pattern with a unit cell of 5.7 nm, 
corresponding to a rotation between the topmost layer 
and the layer beneath of 2.3°. A high resolution image of 
the graphene honey-comb lattice is shown in Fig. 1, 
upper left inset.

Supplementary Figure 2 shows the characteristic 
tunnelling spectra of epitaxial graphene on SiC in zero 
magnetic field.  Two distinct minima are observed in the 
tunnelling conductance corresponding to the Dirac point 
and the Fermi level.  The minimum at the Dirac point at
-125 mV indicates n-type doping of 1 x 1012 cm-2.   The 
second minimum at the Fermi level is characteristic of 
tunnelling into graphene, which we observe both in 
epitaxial graphene on SiC and exfoliated single-layer 
graphene on SiO2.

Supplementary Figure 1 | STM topographic image, 20 nm x 20 nm, 
of epitaxial graphene grown on C-face SiC showing a moiré pattern 
with a unit cell of 5.7 nm, corresponding to a rotation of 2.3 ° between 
the top two layers.  Tunnelling parameters: setpoint current 100 pA, 
sample bias -250 mV, T= 13 mK.
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Supplementary Figure 2 | Tunnelling dI/dV spectra of epitaxial 
graphene in zero magnetic field.  Two minima are observed; one at the 
Dirac point, -125 mV, and one at the Fermi level, 0 mV. Tunnelling 
parameters: setpoint current 200 pA, sample bias -250 mV, modulation 
voltaJH�����ȝ9��7 ����P.�
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coupling between the layers,13 which would allow electrical
conduction between them. Previous studies have shown that
the first few graphene layers close to the SiC substrate are
heavily doped, with the doping level decreasing away from
the interface.14,15 Since the carrier mobility of graphene de-
pends on the carrier density16 and is also sensitive to sources
of scattering in the environment, it is expected that graphene
layers at different distances from the substrates would pos-
sess different mobilities.

Using the multicarrier analysis, Fig. 3!a" shows the mea-
sured Hall mobility as a function of carrier density for 13
graphene devices fabricated from five different C-face SiC
substrates with more than ten graphene layers. All devices
exhibit magneto-transport behaviors similar to those shown
in Fig. 2, where good agreement with the data is obtained
using the three-carrier model. Fig. 3!a" suggests that electri-
cal transport in the measured C-face MLG is dominated by
three groups of carriers: one involves a higher density of
holes with mobilities below 4000 cm2 /V s, one with a lower
density of holes with high mobilities in excess of
10000 cm2 /V s, and one with electrons with mobilities
above 3000 cm2 /V s. We note that while the multicarrier
analysis does not reflect the exact number of graphene layers
in the sample participating in transport, the electrical trans-
port of the entire graphene stack can be effectively described
by only three conduction channels with different average
mobilities and densities. Since epitaxial MGL are heavily
n-type in the vicinity of the SiC interface1,14 and become
nearly intrinsic in subsequent layers,15 we attribute the
n-type channel !I" to the first few graphene layers near the
SiC substrate, the lightly p-type channel !II" to the subse-
quent layers, and the heavily p-type channel !III" to the up-
permost layers, as shown in Fig. 3!b". The doping profile of
epitaxial MLG is schematically shown in Fig. 3!c". In the
lightly-doped channel !II", carriers are effectively screened
from the charged scattering sources by the underlying and
overlaying graphene layers, allowing for the highest carrier
mobility among the three conduction channels. While high

carrier mobilities in the quasi-intrinsic part of the MLG have
also been previously investigated by far infrared optical ab-
sorption techniques,7,8 the results and analysis shown here
present the evidence of such high mobility carriers in elec-
trical measurements.

In summary, we show that transport in thin epitaxial
graphene is essentially a single-carrier type regardless of the
SiC face. In thick MLG grown on C-face SiC, however, elec-
trical transport involves multiple types of carriers with dif-
ferent mobilities in different graphene layers. High mobilities
are preserved in the quasi-intrinsic graphene region sand-
wiched between the underlying and overlaying conducting
layers.
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FIG. 3. !Color online" !a" Hall mobility as a function of carrier density,
extracted using the three-carrier analysis, for 13 graphene devices fabricated
from five different C-face SiC substrates with more than ten graphene lay-
ers. !b" Schematics of multilayer graphene grown on C-face SiC, showing
the three dominant channels involving layers with different doping and
transport properties. !c" Schematics of the doping profile of epitaxial
graphene multilayers.
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#2HQr i?2 62`KB 2M2`;v #v /QTBM;X h?2 �//BiBQM�H KBMBKmK +HQb2 iQ i?2 62`KB 2M@
2`;v Bb Q7i2M Q#b2`p2/ #v aha- 2p2M QM Qi?2` b�KTH2b BM+Hm/BM; ;`�T?2M2faB*UyyyRV (8e)
�M/ K2+?�MB+�HHv 2t7QHB�i2/ ;`�T?2M2 QM aBP2 (8d)X >Qr2p2`- Bi ?�b MQi #22M r2HH@
2tTH�BM2/X aBM+2 bm+? � .Pa KBMBKmK Bb MQi BM/B+�i2/ #v �_S1a K2�bm`2K2Mib QM
;`�T?2M2faB*UyyyRV (jN- 89)- Bi K�v #2 `2H�i2/ iQ BM2H�biB+ imMM2HBM; KQ/2b Q7 i?2 imM@
M2HBM; +m``2Mi Q` #2 i?2 +QMb2[m2M+2 Q7 �M �MQK�Hv �i x2`Q #B�b pQHi�;2 (N)X AM � /Bz2`2Mi
aha 2tT2`BK2Mib- i?2 .B`�+ TQBMi QM �#Qmi Ry 2TBi�tB�H H�v2`b Bi r�b 7QmM/ +HQb2 iQ #mi
�#Qp2 i?2 62`KB 2M2`;v- bB;MB7vBM; r2�F T@/QTBM; (9N)X

>�HH i`�MbTQ`i K2�bm`2K2Mib 7QmM/ /Bz2`2Mi +�``B2` +?�MM2Hb #v }iiBM; i?2 K2�bm`2/
2H2+i`QMB+ `2bBbiBpBiB2b rBi? /Bz2`2Mi ivT2b Q7 /QTBM; (8k)X h?2 2ti`�+i2/ >�HH KQ#BHBiB2b
�M/ +�``B2` /2MbBiB2b �`2 b?QrM BM 6B;X kX3U�V- i?2v `2p2�H irQ ?QH2 +?�MM2Hb rBi? bi`QM;
�M/ r2�F T@/QTBM;- �M/ �M 2H2+i`QM +?�MM2H rBi? `2H�iBp2Hv bi`QM; M@/QTBM;X h?2 bm#@
bi`�i2 BM/m+2b M@ivT2 /QTBM;- i?mb i?2 2H2+i`QM +?�MM2H +�M #2 2tT2+i2/ QM ;`�T?2M2
H�v2`b M2�` i?2 bm#bi`�i2X h?2 +?�MM2H rBi? `2H�iBp2Hv bi`QM; T@ivT2 /QTBM; T`Q#�#Hv
HB2b QM iQT Q7 i?2 ;`�T?2M2 bi�+F- r?2`2 T@/QTBM; +�M #2 BM/m+2/ #v �/bQ`#�i2b QM i?2
bm`7�+2X h?2 r2�FHv /QT2/ +?�MM2H +�M 2tBbi QM BMi2`K2/B�i2 H�v2`bX h?Bb b+2M�`BQ Bb
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kXR S`QT2`iB2b Q7 :`�T?2M2

BHHmbi`�i2/ BM i?2 +�`iQQM BM 6B;X kX3U#V �M/ U+VX PM i?2 bm`7�+2- T@ivT2 /QTBM; +�M
#2 BM/m+2/ �i �K#B2Mi +QM/BiBQMb- HBF2Hv /m2 iQ �M 2H2+i`Q+?2KB+�HHv@K2/B�i2/ 2H2+i`QM
i`�Mb72` #2ir22M Qtv;2M �M/ i?2 b�KTH2 (83)X

1TBi�tB�H :`�T?2M2 QM aB*UyyyRV
PM i?2 aB@7�+2- i?2 2TBi�tB�H H�v2`b �`2 7Q`K2/ �#Qp2 i?2 #mz2` H�v2`- i?�i TQbb2bb2b �
*@�iQK /2MbBiv bBKBH�` iQ ;`�T?2M2- ?Qr2p2`- Bi Bb +Qp�H2MiHv #QM/2/ iQ i?2 aB* bm`7�+2X
h?2`27Q`2- Bib KQ`T?QHQ;v �M/ 2H2+i`QMB+ 72�im`2b �`2 /Bz2`2Mi 7`QK ;`�T?2M2X h?2 #mz2`
H�v2` 72�im`2b � (6

√
3 × 6

√
3)R30◦ bmT2`H�iiB+2 �M/ � #�M/ ;�T Q7 �#Qmi 9yy K2o (8N)X

h?2 bmT2`H�iiB+2 Bb 7Q`K2/ #v i?2 bm#bi`�i2 bi`m+im`2 �M/ T2`BQ/B+Biv Q7 +Qp�H2Mi #QM/bX
h?2 2TBi�tB�H H�v2`b �#Qp2 i?2 #mz2` H�v2` �`2 b?B2H/2/ 7`QK i?2 bm#bi`�i2 �M/ 7Q`K
;`�T?2M2X PM i?2 }`bi 72r ;`�T?2M2 H�v2`b i?2 (6

√
3 × 6

√
3)R30◦ +Q``m;�iBQM /m2 iQ

i?2 #mz2` H�v2` �TT2�`b- #mi Bib �KTHBim/2 `�TB/Hv /2+`2�b2b rBi? BM+`2�bBM; MmK#2` Q7
H�v2`b (8e- ey- eR)X h?2 (6

√
3×6

√
3)R30◦ H�iiB+2 QM i?2 +Qp2`BM; ;`�T?2M2 H�v2`b +QMi�BMb

irQ ?B;? bvKK2i`v TQBMibX h?2`27Q`2- K�Mv �mi?Q`b /2}M2 � (6 × 6) [m�bB@H�iiB+2 i?�i
Bb KQ`2 `2�/BHv Q#b2`p2/ #v ahJ- 7Q` 2t�KTH2 (8y)X h?2 bi`QM; BMi2`�+iBQM rBi? i?2
bm#bi`�i2 /m`BM; i?2 BMBiB�H T?�b2 Q7 i?2 ;`Qri? Q7 �M 2TBi�tB�H H�v2` `2bmHib BM mMB7Q`K
�HB;MK2Mi Q7 i?2 ;`�T?2M2 H�v2`b- i?mb ;`�T?2M2 ;`QrM QM aB*UyyyRV �`2 mMB7Q`KHv �"
bi�+F2/X h?2 2H2+i`B+ T`QT2`iB2b Q7 i?2b2 H�v2`b �`2 ivTB+�H Q7 ;`�T?2M2- rBi?BM i?2 #�M/
;�T Q7 i?2 aB* bm#bi`�i2X >Qr2p2` i?2v #2+QK2 M@ivT2 /QT2/ #v i?2 bm#bi`�i2- r?B+?
Bb bi`QM;2bi QM i?2 }`bi H�v2` �#Qp2 i?2 #mz2` H�v2`X h?2 .B`�+ TQBMi ?�b #22M `2TQ`i2/
�i /Bz2`2Mi p�Hm2b #2HQr −400 K2o UrBi? `2bT2+i iQ i?2 62`KB 2M2`;vV- �M/ r2�F2Mb QM
bm#b2[m2Mi H�v2`b /m2 iQ b?B2H/BM;X h?2 �mi?Q`b Q7 _27X (8e) `2TQ`i2/ `2bmHib Q7 aha i?�i
b?Qr2/ i?2 .B`�+ TQBMi �i −310 K2o QM i?2 kM/- −190 K2o QM i?2 j`/- �M/ −140 K2o
QM i?2 9i? ;`�T?2M2 H�v2`X /If/V K2bm`2K2Mib #v aha mbm�HHv Q#i�BM � KBMBKmK +HQb2
iQ i?2 62`KB 2M2`;vX aBM+2 bm+? � KBMBKmK Bb MQi BM/B+�i2/ #v �_S1a K2�bm`2K2Mib
QM ;`�T?2M2faB*UyyyRV (ek) Bi T`Q#�#Hv /Q2b MQi bi2K 7`QK i?2 b�KTH2 T`QT2`iB2b#mi
7`QK i?2 K2�bm`2K2Mi i2+?MB[m2 (N)- �b /Bb+mbb2/ 7Q` ;`�T?2M2faB*UyyyRVX

Ai Bb TQbbB#H2 iQ /2+QmTH2 i?2 #mz2` H�v2` 7`QK i?2 bm#bi`�i2 #v T�bbBp�iBM; i?2 /�M@
;HBM; aB #QM/bX h?Bb ?�b #22M �+?B2p2/ #v 2tTQbBM; i?2 2TBi�tB�H ;`�T?2M2faB*UyyyRV
iQ �iQKB+ > �i i2KT2`�im`2b #2ir22M eyy@Ryyy *◦ (ek- ej)X �b � `2bmHi i?2 #mz2` H�v2`
#2?�p2/ �M �//BiBQM�H ;`�T?2M2 H�v2`X h?mb- � b�KTH2 rBi? x2`Q H�v2`b �7i2` �iQKB+ >
i`2�iK2Mi rQmH/ #2+QK2 � bBM;H2 ;`�T?2M2 H�v2`- � bBM;H2 2TBi�tB�H H�v2` rQmH/ #2+QK2
#B@H�v2`- �M/ bQ QMX 6m`i?2`KQ`2- bBM+2 i?2 aB@#QM/b �`2 T�bbBp�i2/ #v >@�iQKb i?2 bm#@
bi`�i2 /Q2b MQi BM/m+2 bi`QM; /QTBM; �M/ i?2 ;`�T?2M2 .B`�+ TQBMi Bb M2�`#v i?2 62`KB
2M2`;v (ej)X "2+�mb2 Q7 i?2 r2�F BMi2`�+iBQM #2ir22M /2+QmTH2/ ;`�T?2M2 �M/ i?2 aB*
bm#bi`�i2 Bi Bb i2`K2/ [m�bB@7`22@bi�M/BM; ;`�T?2M2X

kXRX9 :`�T?Bi2 bm`7�+2
:`�T?Bi2 Bb � +`vbi�H Q7 ;`�T?2M2 H�v2`b rBi? "2`M�H bi�+FBM;- bBM+2 i?2`2 �`2 i?`22 /BbiBM+i
bi�+FBM; TQbBiBQMb i?2 bBx2 Q7 i?2 mMBi +2HH K�v p�`v- 7Q` 2t�KTH2 Bi K�v #2 ?2t�;QM�H
U�"�" XXXV- �b b?QrM BM 6B;X kXRU+V- Q` `?QK#Q?2/`�H U�"*�"* XXXVX *`vbi�Hb Q7 ;`�T?Bi2
Q++m` M�im`�HHv �M/ +�M �HbQ #2 �`iB}+B�HHv +`2�i2/X AM i?Bb rQ`F- KQbi ;`�T?Bi2 b�KTH2b
�`2 ?B;?Hv Q`B2Mi2/ Tv`QHviB+ ;`�T?Bi2 U>PS:V- i?�i Bb bvMi?2bBx2/ #v � i?2`KQHviB+
T`Q+2bbX AMbB/2 i?2 ;`�T?2M2 TH�M2b- Bi ?�b � +`vbi�HHBi2 /QK�BM bBx2 BM � Bb #2ir22M
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kXk :`�T?2M2 wB;x�; 1/;2 ai�i2

R iQ Ry µKX S2`T2M/B+mH�` iQ i?2 ;`�T?2M2 TH�M2b- Bi Bb ?B;?Hv Q`/2`2/ BM i?2 +@�tBb-
#mi Bi ?�b K�Mv bi�+FBM; 7�mHib (e9- e8)X PM2 Q7 i?2 b�KTH2b Bb EBb? ;`�T?Bi2- r?B+? Bb
7Q`K2/ QM i?2 bm`7�+2 Q7 KQHi2M B`QMX .Bz2`2MiHv 7`QK >PS:- Bi +�M #2 +QMbB/2`2/ iQ
?�p2 � b2KB@BM}MBi2 i?B+FM2bb (e9)X

h?2 2H2+i`QMB+ T`QT2`iB2b Q7 ;`�T?Bi2 /2T2M/ QM i?2 bi�+FBM; Q`/2` �M/ QM i?2 2z2+@
iBp2 MmK#2` Q7 2H2+i`QMB+�HHv +QmTH2/ H�v2`b (ee)X PM i?2 bm`7�+2 Q7 ;`�T?Bi2- i?2 bi�i2b
�i i?2 62`KB 2M2`;v �`2 /QKBM�MiHv HQ+�i2/ QM i?2 bBi2b rBi?Qmi HQr2`@H�v2` M2B;?#Q`bX
h?mb- +QMbi�Mi ?2B;?i ahJ QM ;`�T?Bi2 K2�bm`2b � ?B;?2` I QM QM2 bm#H�iiB+2- �b QM �Mv
�" bi�+F2/ ;`�T?2M2 H�v2`b (ed)X q?2M KQ`2 H�v2`b /2i2`KBM2 i?2 2H2+i`QMB+ T`QT2`iB2b
Q7 � ;`�T?2M2 bi�+F- i?2 bi�i2b �i i?2 62`KB 2M2`;v BM+`2�b2b �++Q`/BM;HvX >Qr2p2`- i?2
2z2+iBp2 MmK#2` Q7 H�v2`b Bb `2/m+2/ #v BM?QKQ;2M2Qmb +?�`;2 /Bbi`B#miBQM #2ir22M H�v@
2`bX h?2b2 +�M Q++m` /m2 iQ bi�+FBM; 7�mHibX AM bm+? � +�b2- QMHv � 72r ;`�T?2M2 H�v2`b
QM iQT +�M /QKBM�i2 i?2 2H2+i`QMB+ bm`7�+2 T`QT2`iB2b Q7 ;`�T?Bi2 (e3)X � bim/v +QK@
#BMBM; aha K2�bm`2K2Mib �M/ }`bi T`BM+BTH2b +�H+mH�iBQMb Q7 ;`�T?Bi2 BM K�;M2iB+ }2H/b
7QmM/ /Bz2`2Mi 2z2+iBp2 i?B+FM2bb2b 7Q` /Bz2`2Mi ;`�T?Bi2 b�KTH2b (e9)X EBb? ;`�T?Bi2
�M/ >PS: r2`2 T`Q#2/ #v aha �M/ i?2 `2bmHib bBKmH�i2/ #v +�H+mH�iBQMbX 6Q` EBb? i?2
2tT2`BK2Mi�H `2bmHib r2`2 r2HH `2T`Q/m+2/ #v � KQ/2H Q7 �M BM}MBi2 bi�+F- #mi 7Q` � `2bmHi
QM >PS: i?2 #2bi K�i+? r�b Q#i�BM2/ #v �bbmKBM; � 9y H�v2` bi�+FX � /Bz2`2Mi bim/v
Q7 i?2 Qmi@Q7@TH�M2 +QM/m+iBpBiv 7QmM/ i?�i i?2 iQT ey H�v2`b +QMi`B#mi2 iQ i?2 2H2+i`QMB+
T`QT2`iB2b QM i?2 bm`7�+2 (e8) h?Bb Bb +QMbBbi2Mi rBi? i?2 HQr2` /2MbBiv Q7 bi�+FBM; 7�mHib
2tT2+i2/ QM EBb?X

L2p2`i?2H2bb- QM i?2 bm`7�+2 Q7 ;`�T?Bi2- i?2 i?2 iQTKQbi H�v2` /QKBM�i2b i?2 HQ+�H
2H2+i`QMB+ T`QT2`iB2bX h?mb- r?2M 72�im`2b QM i?2 bm`7�+2 Q7 ;`�T?Bi2 �`2 T`Q#2/ #v
ahJfaha- i?2M � irQ@/BK2MbBQM�H- bBM;H2 H�v2` ;`�T?2M2 KQ/2H Bb Q7i2M bm{+B2Mi iQ
/2b+`B#2 i?2 KQbi bB;MB}+�Mi T`QT2`iB2b i?�i +�M #2 Q#b2`p2/- 2X;X- 7Q` bBM;H2 p�+�M+v
bi�i2b (eN) Q` 7Q` xB;x�; 2/;2 bi�i2b (RRĜRj) Ub22 a2+iBQM kXkXjVX "2+�mb2 Q7 i?2 �"
bi�+FBM;- i?2 ;`�T?2M2 bm#H�iiB+2 bvKK2i`v Bb #`QF2MX h?mb- �b QM �" bi�+F2/ ;`�T?2M2-
QM i?2 bm`7�+2 Q7 ;`�T?Bi2- ?vT2`#QHB+ /BbT2`bBQMb QM #Qi? bB/2b Q7 i?2 .B`�+ TQBMi +�M
#2 Q#i�BM2/- r?B+? Bb �i i?2 62`KB 2M2`;v (jk)X AM i?2 T`2b2Mi rQ`F- ahJfaha r�b
miBHBx2/ iQ T`Q#2 i?2 bm`7�+2 Q7 ;`�T?Bi2 b�KTH2bX aBM+2 i?2 ;`�T?2M2 H�v2`b �i i?2
bm`7�+2 /QKBM�i2 i?2 72�im`2b i?�i r2`2 K2�bm`2/- MQ bB;MB}+�Mi /Bz2`2M+2 #2ir22M EBb?
;`�T?Bi2 �M/ >PS: r�b 7QmM/X

kXk :`�T?2M2 wB;x�; 1/;2 ai�i2
kXkXR w2`Q@2M2`;v KQ/2b BM ;`�T?2M2
h?2 h" KQ/2H UBMi`Q/m+2/ BM a2+iBQM kXRXkV MQi QMHv ;Bp2b ;QQ/ �TT`QtBK�iBQM Q7 i?2
2H2+i`QMB+ T`QT2`iB2b Q7 T`BbiBM2 ;`�T?2M2 �i HQr 2M2`;B2b- #mi Bi �HbQ `2p2�Hb � +QM/BiBQM
7Q` i?2 T`2b2M+2 HQ+�HBx2/ 2H2+i`QMB+ bi�i2b BM /BbQ`/2`2/ ;`�T?2M2X AM i?2 HQr@2M2`;v
�TT`QtBK�iBQM Q7 i?2 h" KQ/2H- r?2`2 QMHv i?2 ?QTTBM; T�`�K2i2` t Bb MQM@x2`Q- i?2
bQHmiBQMb +�M #2 b2T�`�i2/ BMiQ T�`ib i?�i ?�p2 MQM@x2`Q �KTHBim/2b QMHv QM QM2 Q7 i?2
irQ bm#H�iiB+2bX am+? � bvbi2K Bb /2b+`B#2/ #v � #BT�`iBi2 H�iiB+2- r?2`2 i?2 r�p27mM+iBQMb
i?�i 2tBbi QM i?2 � bm#H�iiB+2 /Q MQi BMi2`�+i rBi? r�p27mM+iBQMb QM i?2 " bm#H�iiB+2-
�M/ �HH bQHmiBQMb i?mb ?�p2 i?mb irQ BM/2T2M/2Mi T�`ibX AM Tb2m/Q@bTBM MQi�iBQM i?�i
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kXk :`�T?2M2 wB;x�; 1/;2 ai�i2

r�b BMi`Q/m+2/ BM a2+iBQM kXRXk i?2 #BT�`iBi2 >�KBHiQMB�M +�M #2 r`Bii2M �b,

ψ∗
kHψk =

(
φA∗
k φB∗

k

)(EA
k hAB

h+
AB EB

k

)(
φA
k

φB
k

)
= Ek UkXNV

A7 i?2 MmK#2` Q7 bm#H�iiB+2 bBi2b Bb 2[m�H- i?2M bQ Bb i?2 MmK#2` Q7 �KTHBim/2b BM i?2
p2+iQ`b φA

k �M/ φB
k - �M/ i?2 bQHmiBQMb �`2 �HbQ bvKK2i`B+X >Qr2p2`- B7 i?2 /BK2MbBQM Q7

i?2 irQ p2+iQ`b Bb MQi 2[m�H- i?2M i?2`2 2tBbi KQ`2 bQHmiBQMb QM i?2 K�DQ`Biv bm#H�iiB+2-
r?Qb2 MmK#2` Bb 2[m�H iQ i?2 BK#�H�M+2 Q7 i?2 �KTHBim/2b QM i?2 bm#H�iiB+2b (dy- dR)X
h?2b2 bi�i2b- +`2�i2/ #v i?2 /272+ib BM i?2 ;`�T?2M2 H�iiB+2- �`2 i?mb `2H�i2/ iQ i?2
/Bz2`2M+2 BM i?2 MmK#2` Q7 Q`#Bi�Hb +QMi`B#miBM; iQ i?2 r�p27mM+iBQMb QM i?2 bBi2b Q7
i?2 irQ `2bT2+iBp2 bm#H�iiB+2b- r?B+? +�M #2 +�HH2/ i?2 bm#H�iiB+2 BK#�H�M+2X h?Bb +�M
Q++m`- 2X;X- B7 i?2`2 Bb � bBM;H2 �iQKB+ p�+�M+v Q` � +?2KB+�H #QM/ i?�i `2KQp2b QM2 π
2H2+i`QM Q`#Bi 7`QK i?2 bvbi2KX h?2M- i?2 MmK#2` Q7 �KTHBim/2b BM φk Q7 i?2 KBMQ`Biv
bm#H�iiB+2 Bb `2/m+2/ #v QM2 �M/ i?2`2 2tBbib � bi�i2 QM i?2 K�DQ`Biv bm#H�iiB+2 i?�i +�M
#2 HQ+�HBx2/ �i i?2 Q`B;BM Q7 i?2 bm#H�iiB+2 BK#�H�M+2 (dy- dR)X AM ;2M2`�H- �Mv /Bz2`2M+2
Q7 i?2 MmK#2` Q7 π Q`#Bi�Hb QM i?2 irQ bm#H�iiB+2b BM/m+2b � T`QTQ`iBQM�i2 MmK#2` Q7
/272+i@BM/m+2/ bi�i2b QM i?2 K�DQ`Biv bm#H�iiB+2X h?mb- B7 �M BK#�H�M+2 Q7 π Q`#Bi�Hb
2t+22/BM; QM2 2tBbib- i?2M KQ`2 i?�M QM2 /272+i@bi�i2 +�M #2 BM/m+2/X PM i?2 Qi?2`
?�M/- B7 �iQKB+ bBi2b �`2 KBbbBM; QM #Qi? bm#H�iiB+2b- i?2 MmK#2` Q7 /272+i@bi�i2b K�v #2
H2bb i?�M B7 /272+ib 2tBbi QMHv QM2 bm#H�iiB+2X "2+�mb2 /272+i bi�i2b /2+�v �r�v 7`QK i?2
/272+i (dy)- i?2 HQ+�H /Bbi`B#miBQM Q7 /272+ib- r?B+? /2i2`KBM2b i?2 bm#H�iiB+2 BK#�H�M+2-
�HbQ /2i2`KBM2b i?2 /Bbi`B#miBQM Q7 HQ+�HBx2/ 2H2+i`QMB+ /272+i bi�i2bX

h?2 bBKTH2bi BMbi�M+2 Q7 � x2`Q@2M2`;v KQ/2 Bb � bBM;H2 p�+�M+v- 7Q` i?Bb +�b2 i?2`2
�`2 #Qi? i?2Q`2iB+�H (dy) �M/ 2tT2`BK2Mi�H `2bmHib (eN)X �i � bBM;H2 p�+�M+v �M 2H2+i`QMB+
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caying away from the impurity, is not normalizable. It has
the same spatial dependence as the quasilocalized solutions
which are induced by radial potentials on 2D Dirac fermi-
ons [22]. The matching of localized states described above
cannot be generalized to the case t0 ! 0, as the band of
edge states is not degenerate in energy [23]. The localized
state at the Fermi level becomes a resonance inside the
continuum of extended states. Numerical results for the
local (DOS) at a site near a single vacancy are shown in
Fig. 2(a). In the absence of electron-hole symmetry, the
localized state becomes a resonance with increasing width,
shifted from the Fermi energy.

The scheme used here can be generalized to study other
lattice representations of the Dirac equation with electron-
hole symmetry. The electronic structure near impurities in
d-wave superconductors has been studied using the
Hamiltonian [24–26]:

H BCS ! t
X

hi;ji
cyi cj"!#cyi;jcyi$a;j% cyi;jcyi:j$b&"H:c:; (9)

where the sites are defined in a square lattice, a and b are
the lattice vectors along the horizontal and vertical direc-
tions. The Hamiltonian (9) is formally identical to a tight-
binding model on a square lattice and two orbitals per site.
The hopping terms between different orbitals have differ-
ent signs along the horizontal and vertical axis. If periodic
boundary conditions are applied along the (1,1) and #1;%1&
directions, the problem can be written as the matching of a
set of 1D wave functions, in a way similar to the scheme
depicted in Fig. 1. A vacancy leads to a quasilocalized
state, described by the same long wavelength wave func-
tion (see also Ref. [27]). The quasilocalized state described
here, being localized in a single sublattice, remains a

solution when there are two vacancies in different sublat-
tices, in agreement with numerical calculations [28].

Finite densities of vacancies.—We have extended the
previous results to systems with a finite density of vacan-
cies, using the stochastic recursion method to obtain the
DOS in clusters with up to'106 sites. Results for different
impurity concentrations and different values of t0 are
shown in Fig. 2(b). In the presence of electron-hole sym-
metry (t0 ! 0), the inclusion of vacancies brings an in-
crease of spectral weight to the surroundings of the Dirac
point, leading to a DOS whose behavior for E ( 0 mostly
resembles the results obtained within a coherent potential
approximation (CPA) [14]. The most important feature,
however, is the emergence of a sharp peak at the Fermi
level, superimposed upon the flat portion of the DOS (apart
from the peak, the DOS flattens out in this neighborhood as
x is increased past the 5% shown here). The breaking of the
particle-hole symmetry by a finite t0 results in the broad-
ening of the peak at the Fermi energy, and the displacement
of its position by an amount of the order of t0. All these
effects take place close to the Fermi energy. At higher
energies, the only deviations from the DOS of a clean
system are the softening of the van Hove singulari-
ties and the development of Lifshitz tails (not shown) at
the band edge, both induced by the increasing disorder
caused by the random dilution. The onset of this high
energy regime, where the profile of the DOS is essentially
unperturbed by the presence of vacancies, is determined
by ! ( vF=l, l' n%1=2

imp being the average distance between
impurities.

To address the degree of localization for the states near
the Fermi level, the inverse participation ratio (IPR) was
calculated via exact diagonalization on smaller systems.
For an eigenstate m, the IPR is the quantity defined as
Pm !

PN
i j"m#i&j4, the index i labeling the lattice sites.

The wave function of an extended state has an amplitude
equally significant throughout the entire system ("m#i& '
N%1=2), whence we naturally expect Pm ' N%1. For a
localized state, in opposition, its very definition entails
the fact that only a finite number of lattice sites will
contribute to the normalization, resulting in much higher
values of Pm. Results for different values of t0 are shown in
Fig. 3 for random dilution at 0.5%. One observes, first, that
Pm ' 3=N for all energies but the Fermi level neighbor-
hood, as expected for states extended up to the length scale
of the system sizes used in the numerics. Secondly, the IPR
becomes significant exactly in the same energy range
where the DOS exhibits the vacancy-induced anomalies
discussed above. Clearly, the farther the system is driven
from the particle-hole symmetric case, the weaker the
localization effect, as illustrated by the results obtained
with t0 ! 0:2t. It is worth mentioning that the magnitude of
the strongest peaks in Pm at t0 ! 0 and t0 ! 0:1t is equal to
the magnitude of the IPR calculated for a single impurity
problem [29]. Such results indicate the existence of quasi-
localized states at the center of the resonance, induced by
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FIG. 2 (color online). (a) Comparison between the local DOS
in the vicinity of a vacancy (blue/solid) with the bulk DOS (red/
dashed) in clean systems. (b) Total DOS in the vicinity of the
Dirac points for clusters with 4) 106 sites, at selected vacancy
concentrations. Numerical results in (a), (b) obtained for t0 ! 0
(top panels), t0 ! 0:1t (center) and t0 ! 0:2t (bottom). [Notice
the scale truncation in the upper part of the first panel in (a)].
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caying away from the impurity, is not normalizable. It has
the same spatial dependence as the quasilocalized solutions
which are induced by radial potentials on 2D Dirac fermi-
ons [22]. The matching of localized states described above
cannot be generalized to the case t0 ! 0, as the band of
edge states is not degenerate in energy [23]. The localized
state at the Fermi level becomes a resonance inside the
continuum of extended states. Numerical results for the
local (DOS) at a site near a single vacancy are shown in
Fig. 2(a). In the absence of electron-hole symmetry, the
localized state becomes a resonance with increasing width,
shifted from the Fermi energy.

The scheme used here can be generalized to study other
lattice representations of the Dirac equation with electron-
hole symmetry. The electronic structure near impurities in
d-wave superconductors has been studied using the
Hamiltonian [24–26]:

H BCS ! t
X

hi;ji
cyi cj"!#cyi;jcyi$a;j% cyi;jcyi:j$b&"H:c:; (9)

where the sites are defined in a square lattice, a and b are
the lattice vectors along the horizontal and vertical direc-
tions. The Hamiltonian (9) is formally identical to a tight-
binding model on a square lattice and two orbitals per site.
The hopping terms between different orbitals have differ-
ent signs along the horizontal and vertical axis. If periodic
boundary conditions are applied along the (1,1) and #1;%1&
directions, the problem can be written as the matching of a
set of 1D wave functions, in a way similar to the scheme
depicted in Fig. 1. A vacancy leads to a quasilocalized
state, described by the same long wavelength wave func-
tion (see also Ref. [27]). The quasilocalized state described
here, being localized in a single sublattice, remains a

solution when there are two vacancies in different sublat-
tices, in agreement with numerical calculations [28].

Finite densities of vacancies.—We have extended the
previous results to systems with a finite density of vacan-
cies, using the stochastic recursion method to obtain the
DOS in clusters with up to'106 sites. Results for different
impurity concentrations and different values of t0 are
shown in Fig. 2(b). In the presence of electron-hole sym-
metry (t0 ! 0), the inclusion of vacancies brings an in-
crease of spectral weight to the surroundings of the Dirac
point, leading to a DOS whose behavior for E ( 0 mostly
resembles the results obtained within a coherent potential
approximation (CPA) [14]. The most important feature,
however, is the emergence of a sharp peak at the Fermi
level, superimposed upon the flat portion of the DOS (apart
from the peak, the DOS flattens out in this neighborhood as
x is increased past the 5% shown here). The breaking of the
particle-hole symmetry by a finite t0 results in the broad-
ening of the peak at the Fermi energy, and the displacement
of its position by an amount of the order of t0. All these
effects take place close to the Fermi energy. At higher
energies, the only deviations from the DOS of a clean
system are the softening of the van Hove singulari-
ties and the development of Lifshitz tails (not shown) at
the band edge, both induced by the increasing disorder
caused by the random dilution. The onset of this high
energy regime, where the profile of the DOS is essentially
unperturbed by the presence of vacancies, is determined
by ! ( vF=l, l' n%1=2

imp being the average distance between
impurities.

To address the degree of localization for the states near
the Fermi level, the inverse participation ratio (IPR) was
calculated via exact diagonalization on smaller systems.
For an eigenstate m, the IPR is the quantity defined as
Pm !

PN
i j"m#i&j4, the index i labeling the lattice sites.

The wave function of an extended state has an amplitude
equally significant throughout the entire system ("m#i& '
N%1=2), whence we naturally expect Pm ' N%1. For a
localized state, in opposition, its very definition entails
the fact that only a finite number of lattice sites will
contribute to the normalization, resulting in much higher
values of Pm. Results for different values of t0 are shown in
Fig. 3 for random dilution at 0.5%. One observes, first, that
Pm ' 3=N for all energies but the Fermi level neighbor-
hood, as expected for states extended up to the length scale
of the system sizes used in the numerics. Secondly, the IPR
becomes significant exactly in the same energy range
where the DOS exhibits the vacancy-induced anomalies
discussed above. Clearly, the farther the system is driven
from the particle-hole symmetric case, the weaker the
localization effect, as illustrated by the results obtained
with t0 ! 0:2t. It is worth mentioning that the magnitude of
the strongest peaks in Pm at t0 ! 0 and t0 ! 0:1t is equal to
the magnitude of the IPR calculated for a single impurity
problem [29]. Such results indicate the existence of quasi-
localized states at the center of the resonance, induced by
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FIG. 2 (color online). (a) Comparison between the local DOS
in the vicinity of a vacancy (blue/solid) with the bulk DOS (red/
dashed) in clean systems. (b) Total DOS in the vicinity of the
Dirac points for clusters with 4) 106 sites, at selected vacancy
concentrations. Numerical results in (a), (b) obtained for t0 ! 0
(top panels), t0 ! 0:1t (center) and t0 ! 0:2t (bottom). [Notice
the scale truncation in the upper part of the first panel in (a)].
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caying away from the impurity, is not normalizable. It has
the same spatial dependence as the quasilocalized solutions
which are induced by radial potentials on 2D Dirac fermi-
ons [22]. The matching of localized states described above
cannot be generalized to the case t0 ! 0, as the band of
edge states is not degenerate in energy [23]. The localized
state at the Fermi level becomes a resonance inside the
continuum of extended states. Numerical results for the
local (DOS) at a site near a single vacancy are shown in
Fig. 2(a). In the absence of electron-hole symmetry, the
localized state becomes a resonance with increasing width,
shifted from the Fermi energy.

The scheme used here can be generalized to study other
lattice representations of the Dirac equation with electron-
hole symmetry. The electronic structure near impurities in
d-wave superconductors has been studied using the
Hamiltonian [24–26]:

H BCS ! t
X

hi;ji
cyi cj"!#cyi;jcyi$a;j% cyi;jcyi:j$b&"H:c:; (9)

where the sites are defined in a square lattice, a and b are
the lattice vectors along the horizontal and vertical direc-
tions. The Hamiltonian (9) is formally identical to a tight-
binding model on a square lattice and two orbitals per site.
The hopping terms between different orbitals have differ-
ent signs along the horizontal and vertical axis. If periodic
boundary conditions are applied along the (1,1) and #1;%1&
directions, the problem can be written as the matching of a
set of 1D wave functions, in a way similar to the scheme
depicted in Fig. 1. A vacancy leads to a quasilocalized
state, described by the same long wavelength wave func-
tion (see also Ref. [27]). The quasilocalized state described
here, being localized in a single sublattice, remains a

solution when there are two vacancies in different sublat-
tices, in agreement with numerical calculations [28].

Finite densities of vacancies.—We have extended the
previous results to systems with a finite density of vacan-
cies, using the stochastic recursion method to obtain the
DOS in clusters with up to'106 sites. Results for different
impurity concentrations and different values of t0 are
shown in Fig. 2(b). In the presence of electron-hole sym-
metry (t0 ! 0), the inclusion of vacancies brings an in-
crease of spectral weight to the surroundings of the Dirac
point, leading to a DOS whose behavior for E ( 0 mostly
resembles the results obtained within a coherent potential
approximation (CPA) [14]. The most important feature,
however, is the emergence of a sharp peak at the Fermi
level, superimposed upon the flat portion of the DOS (apart
from the peak, the DOS flattens out in this neighborhood as
x is increased past the 5% shown here). The breaking of the
particle-hole symmetry by a finite t0 results in the broad-
ening of the peak at the Fermi energy, and the displacement
of its position by an amount of the order of t0. All these
effects take place close to the Fermi energy. At higher
energies, the only deviations from the DOS of a clean
system are the softening of the van Hove singulari-
ties and the development of Lifshitz tails (not shown) at
the band edge, both induced by the increasing disorder
caused by the random dilution. The onset of this high
energy regime, where the profile of the DOS is essentially
unperturbed by the presence of vacancies, is determined
by ! ( vF=l, l' n%1=2

imp being the average distance between
impurities.

To address the degree of localization for the states near
the Fermi level, the inverse participation ratio (IPR) was
calculated via exact diagonalization on smaller systems.
For an eigenstate m, the IPR is the quantity defined as
Pm !

PN
i j"m#i&j4, the index i labeling the lattice sites.

The wave function of an extended state has an amplitude
equally significant throughout the entire system ("m#i& '
N%1=2), whence we naturally expect Pm ' N%1. For a
localized state, in opposition, its very definition entails
the fact that only a finite number of lattice sites will
contribute to the normalization, resulting in much higher
values of Pm. Results for different values of t0 are shown in
Fig. 3 for random dilution at 0.5%. One observes, first, that
Pm ' 3=N for all energies but the Fermi level neighbor-
hood, as expected for states extended up to the length scale
of the system sizes used in the numerics. Secondly, the IPR
becomes significant exactly in the same energy range
where the DOS exhibits the vacancy-induced anomalies
discussed above. Clearly, the farther the system is driven
from the particle-hole symmetric case, the weaker the
localization effect, as illustrated by the results obtained
with t0 ! 0:2t. It is worth mentioning that the magnitude of
the strongest peaks in Pm at t0 ! 0 and t0 ! 0:1t is equal to
the magnitude of the IPR calculated for a single impurity
problem [29]. Such results indicate the existence of quasi-
localized states at the center of the resonance, induced by
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FIG. 2 (color online). (a) Comparison between the local DOS
in the vicinity of a vacancy (blue/solid) with the bulk DOS (red/
dashed) in clean systems. (b) Total DOS in the vicinity of the
Dirac points for clusters with 4) 106 sites, at selected vacancy
concentrations. Numerical results in (a), (b) obtained for t0 ! 0
(top panels), t0 ! 0:1t (center) and t0 ! 0:2t (bottom). [Notice
the scale truncation in the upper part of the first panel in (a)].
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caying away from the impurity, is not normalizable. It has
the same spatial dependence as the quasilocalized solutions
which are induced by radial potentials on 2D Dirac fermi-
ons [22]. The matching of localized states described above
cannot be generalized to the case t0 ! 0, as the band of
edge states is not degenerate in energy [23]. The localized
state at the Fermi level becomes a resonance inside the
continuum of extended states. Numerical results for the
local (DOS) at a site near a single vacancy are shown in
Fig. 2(a). In the absence of electron-hole symmetry, the
localized state becomes a resonance with increasing width,
shifted from the Fermi energy.

The scheme used here can be generalized to study other
lattice representations of the Dirac equation with electron-
hole symmetry. The electronic structure near impurities in
d-wave superconductors has been studied using the
Hamiltonian [24–26]:

H BCS ! t
X

hi;ji
cyi cj"!#cyi;jcyi$a;j% cyi;jcyi:j$b&"H:c:; (9)

where the sites are defined in a square lattice, a and b are
the lattice vectors along the horizontal and vertical direc-
tions. The Hamiltonian (9) is formally identical to a tight-
binding model on a square lattice and two orbitals per site.
The hopping terms between different orbitals have differ-
ent signs along the horizontal and vertical axis. If periodic
boundary conditions are applied along the (1,1) and #1;%1&
directions, the problem can be written as the matching of a
set of 1D wave functions, in a way similar to the scheme
depicted in Fig. 1. A vacancy leads to a quasilocalized
state, described by the same long wavelength wave func-
tion (see also Ref. [27]). The quasilocalized state described
here, being localized in a single sublattice, remains a

solution when there are two vacancies in different sublat-
tices, in agreement with numerical calculations [28].

Finite densities of vacancies.—We have extended the
previous results to systems with a finite density of vacan-
cies, using the stochastic recursion method to obtain the
DOS in clusters with up to'106 sites. Results for different
impurity concentrations and different values of t0 are
shown in Fig. 2(b). In the presence of electron-hole sym-
metry (t0 ! 0), the inclusion of vacancies brings an in-
crease of spectral weight to the surroundings of the Dirac
point, leading to a DOS whose behavior for E ( 0 mostly
resembles the results obtained within a coherent potential
approximation (CPA) [14]. The most important feature,
however, is the emergence of a sharp peak at the Fermi
level, superimposed upon the flat portion of the DOS (apart
from the peak, the DOS flattens out in this neighborhood as
x is increased past the 5% shown here). The breaking of the
particle-hole symmetry by a finite t0 results in the broad-
ening of the peak at the Fermi energy, and the displacement
of its position by an amount of the order of t0. All these
effects take place close to the Fermi energy. At higher
energies, the only deviations from the DOS of a clean
system are the softening of the van Hove singulari-
ties and the development of Lifshitz tails (not shown) at
the band edge, both induced by the increasing disorder
caused by the random dilution. The onset of this high
energy regime, where the profile of the DOS is essentially
unperturbed by the presence of vacancies, is determined
by ! ( vF=l, l' n%1=2

imp being the average distance between
impurities.

To address the degree of localization for the states near
the Fermi level, the inverse participation ratio (IPR) was
calculated via exact diagonalization on smaller systems.
For an eigenstate m, the IPR is the quantity defined as
Pm !

PN
i j"m#i&j4, the index i labeling the lattice sites.

The wave function of an extended state has an amplitude
equally significant throughout the entire system ("m#i& '
N%1=2), whence we naturally expect Pm ' N%1. For a
localized state, in opposition, its very definition entails
the fact that only a finite number of lattice sites will
contribute to the normalization, resulting in much higher
values of Pm. Results for different values of t0 are shown in
Fig. 3 for random dilution at 0.5%. One observes, first, that
Pm ' 3=N for all energies but the Fermi level neighbor-
hood, as expected for states extended up to the length scale
of the system sizes used in the numerics. Secondly, the IPR
becomes significant exactly in the same energy range
where the DOS exhibits the vacancy-induced anomalies
discussed above. Clearly, the farther the system is driven
from the particle-hole symmetric case, the weaker the
localization effect, as illustrated by the results obtained
with t0 ! 0:2t. It is worth mentioning that the magnitude of
the strongest peaks in Pm at t0 ! 0 and t0 ! 0:1t is equal to
the magnitude of the IPR calculated for a single impurity
problem [29]. Such results indicate the existence of quasi-
localized states at the center of the resonance, induced by

-3 -2 -1 0 1 2 3
0

0.5

DOS
LDOS

-4 -3 -2 -1 0 1 2
0

0.5

1

D
en

si
ty

 o
f S

ta
te

s

-4 -3 -2 -1 0 1 2

E / t

0

0.5

1

10

20
t’ = 0.0 t

t’ = 0.1 t

t’ = 0.2 t

(a)

-0.4 -0.2 0 0.2 0.4
0

0.1

0.2

D
O

S

x = 0.0 %
x = 0.5 %
x = 1.0 %
x = 5.0 %

0 0.2 0.4 0.6
0

0.1

0.2

D
O

S

0.2 0.4 0.6 0.8 1

E / t

0

0.1

0.2

D
O

S

t’ = 0.0 t

t’ = 0.1 t

t’ = 0.2 t

(b)

FIG. 2 (color online). (a) Comparison between the local DOS
in the vicinity of a vacancy (blue/solid) with the bulk DOS (red/
dashed) in clean systems. (b) Total DOS in the vicinity of the
Dirac points for clusters with 4) 106 sites, at selected vacancy
concentrations. Numerical results in (a), (b) obtained for t0 ! 0
(top panels), t0 ! 0:1t (center) and t0 ! 0:2t (bottom). [Notice
the scale truncation in the upper part of the first panel in (a)].
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only the states in the closest vicinity of the Dirac point have
a localized character, which is consistent with the fact that
our results for the averaged DOS qualitatively agree with
CPA in the low-energy region, except closer to E=0, where
we find the peak absent in the CPA description. Notice that,
although our final DOS is always averaged over disorder
configurations, it is exact for each configuration, and there-
fore includes all possible scattering and interference pro-
cesses between electron wave and the scattering centers,
which appear to be crucial at the Dirac point. As discussed in
Ref. 36, many of these processes that are not captured within
CPA become relevant in a narrow vicinity of the Dirac point,
rendering that approximation less justifiable.

In summary, in this section, we saw that a single vacancy
introduces a quasilocalized zero mode. Its presence is en-
sured by the uncompensation between the number of orbitals
in the two sublattices, and a theorem from linear algebra. The
presence of this mode translates in the appearance of a peak
in the LDOS near the vacancy, and in an enhanced IPR for
this state. When we go from one to a macroscopic number of
vacancies, we saw that both the peak and the enhancement of
the IPR persist in the global DOS at EF.

B. Selective dilution

It is important to recall that the results of the previous
section pertain to lattices that were randomly diluted. During
such process, we expect the number of vacancies in sublat-
tice A to be equal to the number of vacancies in sublattice B,
on average. Strictly speaking, since our original lattices are
always chosen with NA=NB, the fluctuations on the degree of
uncompensation, NA−NB, should scale as 1 /!N thus vanish-
ing in the thermodynamic limit. Because of this, in principle,
we would expect the lattices used above to be reasonably
compensated. However, the theorem in Sec. III A 1 only
guarantees the presence of zero modes when the lattice is
uncompensated. It turns out that, notwithstanding our utili-
zation of rather large system sizes, such !N fluctuations are
still significant and the lattices were indeed slightly uncom-
pensated.

This clearly begs the clarification of the origin of the zero
modes in the cases with finite densities of vacancies. Do they
appear only through these fluctuations in the degree of sub-
lattice compensation, or can we have zero modes even with
full compensation? To try to elucidate this, we developed a
controlled approach to this issue in the following. From now
on, we consider only the particle-hole symmetric situation
"t!=0#.

1. Complete uncompensation

We have studied the DOS for systems in which only one
of the sublattices was randomly diluted, with a finite concen-
tration of vacancies. In this case, the system has precisely a
number of zero modes that equals the number of vacancies.
Starting from a clean lattice with N=NA+NB sites, the latter
corresponds to Nv=Nx. We should thus expect a !"E# peak
contributing to the global DOS, with an associated spectral
weight w! that coincides with the fraction of zero modes,

w!"x# =
Nx

N"1 − x#
=

x

1 − x
. "23#

Since the total spectral weight is normalized to 1, the spectral
weight at E=0 has to be transferred from the states in the
band. In Fig. 7, we show what is happening. As seen in Fig.
7"a#, the selective dilution promotes the appearance of a gap
in the DOS, whose magnitude increases with the amount of
dilution. At the center of the gap, we can only see an enor-
mous peak "not visible in the range used# staying precisely at
E=0, corroborating our expectations regarding the Dirac
delta in the DOS. However, since it appears exactly at E=0,
we cannot resolve numerically its associated spectral weight.
To obtain such spectral weight, we calculated the spectral
weight loss in the remainder of the band. The result and its
variation with the amount of dilution x are displayed in the
right-most frame of Fig. 7"b#. A nonlinear fit to the data
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FIG. 7. "Color online# Dilution of just one sublattice of the
honeycomb. "a# DOS for different dilution strengths, diluting only
sublattice A. "b# On the left panel, we show a detail of the DOS and
the evolution of the gap with vacancy concentrations. On the right
panel, we plot the dependence of the missing spectral weight on the
band "=1−w!# with x "circles#. The continuous line is the best fit
using f"x#=ax / "b−x# to the data represented by the circles. The
coefficients yielding the best fit are a=0.997 and b=0.998, thus
agreeing with the expected result $Eq. "23#%.
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reveals that the dependence expected from Eq. !23" is indeed
verified by the accord between the fitted curve in Fig. 7!b"
and Eq. !23".

As Fig. 7 shows, the spectral weight is transferred almost
entirely from the low-energy region near EF and from the
high-energy regions at the band edges. This depletion near
E=0 introduces the gap 2Eg. A gap implies the existence of
a new energy scale in the problem. Since the hopping t is the
only energy scale in the Hamiltonian, such new scale has to
come from the concentration of vacancies. By dimensional
analysis, such scale is dictated essentially by the average
distance between vacancies !l",

! #
vF

l
# nvacancies

1/2 # $x !" = 1" . !24"

When the magnitude of the gap found numerically is plotted
against x, we arrive at the curve of Fig. 8. The least squares
fit shown superimposed onto the numerical circles confirms
this assumption, and we arrive at a quite interesting situation,
of having a half-filled, particle-hole symmetric and gapped
system, with a finite concentration of !presumably quasilo-
calized" zero modes at the midgap point.

2. Controlled uncompensation

We now turn to a more controlled approach to the dilution
and uncompensation. For that, we introduce an additional
parameter # that measures the degree of uncompensation. As
before, we want to study finite concentrations of vacancies.
This is determined by x in such a way that the number of
vacancies in a lattice with N sites will be Nv=Nx. However,
now, the number of vacancies in each sublattice is deter-
mined by

Nv
A =

1
2

Nx!1 + #"

Nv
B =

1
2

Nx!1 − #" , !25"

with 0$#$1. Therefore, the parameter # permits an inter-
polation between completely uncompensated dilution !#
=1" and totally compensated dilution !#=0". Let us look
directly at the results for the DOS, calculated at different x
and # and plotted in Fig. 9.

At any concentration x, the following sequence of events
unfolds as # decreases from 1 to 0: !i" There is a perfectly

FIG. 8. !Color online" The gap estimated from the numerical
curves in Fig. 7 is plotted against the vacancy concentration x. The
continuous line is a least squares fit to f!x"=axb.
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point are expected to appear around k50 (uku52p/3) for
armchair ~zigzag! ribbons.
The calculated band structures of armchair ribbons are

shown in Figs. 3~a!–3~c!, for three different ribbon widths.
The wave number k is normalized by the primitive transla-
tion vector of each graphene ribbon, and the energy E is
scaled by the transfer integral t throughout this paper. The
top of the valence band and the bottom of the conduction
band are located at k50, as expected. It is interesting to note
that the ribbon width critically controls whether the system is
metallic or insulating. As shown in Fig. 3~b!, the system is
metallic when N53M21, where M is an integer. This pe-
riodicity can be mathematically understood by regarding the
system at k50 as a ladder network,12 and the wave function
is obtained analytically.11 For the insulating ribbons, the di-
rect gap decreases with increasing ribbon width and tends to
zero in the limit of very large N . In Fig. 3~d!, we show the
calculated band structure of an armchair ribbon (N530) to-
gether with the band structure of 2D graphite projected onto
an armchair axis @Fig. 3~e!#. It is seen that the projected band
structure of 2D graphite is almost reproduced by that of a
wide armchair ribbon.
For zigzag ribbons, however, a remarkable new feature

arises in the band structure, as shown in Figs. 4~a!–4~c!.
Here we see that the highest valence band state and the low-
est conduction band state for the zigzag ribbons are always
degenerate at k5p , though the degeneracy is expected to
appear at uku52p/3 on the basis of the projected band struc-
ture of 2D graphite. We find that the degeneracy of the center

bands at k5p does not originate from the intrinsic band
structure of 2D graphite, and the corresponding wave func-
tions are completely localized on the edge sites. These two
special center bands get flatter with increasing ribbon width.
We show the band structure for the zigzag ribbon (N530)
together with the projected band structure of 2D graphite in
Figs. 4~d! and 4~e!. A pair of almost flat bands appears
within the region of 2p/3<uku<p where the bands sit in the
very vicinity of the Fermi level. No such flat band is ex-
pected for the projected band structure of 2D graphite. As
seen in Fig. 4~d! the second lowest conduction band shows a
dip near uku52p/3, where the highest valence band below
the center bands shows a rise, approaching closer to each
other as N increases, thereby reproducing the electronic state
around the original K point in 2D graphite.
By examining the charge density distribution, we find that

the electronic states in the almost flat bands correspond to a
state localized on the zigzag edge.10,13 We then derive an
analytic expression for the electronic wave functions for the
edge state by considering a semi-infinite graphene sheet with
a zigzag edge.11 The analytic form of the wave function is
depicted in Fig. 5.
Considering the translational symmetry, we can start

constructing the analytic solution for the edge state by
letting the Bloch components of the linear combina-
tion of atomic orbitals ~LCAO! wave function be
. . . ,eik(n21),eikn,eik(n11), . . . on successive edge sites,
where n denotes a site location on the edge. Then the math-
ematical condition necessary for the wave function to be ex-
act for E50 is that the total sum of the components of the
complex wave function over the nearest-neighbor sites
should vanish. In Fig. 5, the above condition is as follows:

FIG. 3. Calculated band structure E(k) of armchair ribbons of
various widths @N54 ~a!, 5 ~b!, and 6 ~c!#, calculated band struc-
ture of an armchair ribbon of N530 ~d!, and the projected band
structure of 2D graphite onto an armchair axis ~e!. Dashed lines in
~e! indicate the boundary of the first BZ where the zone-folding
technique should be applied.

FIG. 4. Calculated band structures E(k) of zigzag ribbons
@N54 ~a!, N55 ~b!, and N56 ~c!#, calculated band structure of a
zigzag ribbon ~d!, and the projected band structure of 2D graphite
onto a zigzag axis ~e!. See the caption of Fig. 3.
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point are expected to appear around k50 (uku52p/3) for
armchair ~zigzag! ribbons.
The calculated band structures of armchair ribbons are

shown in Figs. 3~a!–3~c!, for three different ribbon widths.
The wave number k is normalized by the primitive transla-
tion vector of each graphene ribbon, and the energy E is
scaled by the transfer integral t throughout this paper. The
top of the valence band and the bottom of the conduction
band are located at k50, as expected. It is interesting to note
that the ribbon width critically controls whether the system is
metallic or insulating. As shown in Fig. 3~b!, the system is
metallic when N53M21, where M is an integer. This pe-
riodicity can be mathematically understood by regarding the
system at k50 as a ladder network,12 and the wave function
is obtained analytically.11 For the insulating ribbons, the di-
rect gap decreases with increasing ribbon width and tends to
zero in the limit of very large N . In Fig. 3~d!, we show the
calculated band structure of an armchair ribbon (N530) to-
gether with the band structure of 2D graphite projected onto
an armchair axis @Fig. 3~e!#. It is seen that the projected band
structure of 2D graphite is almost reproduced by that of a
wide armchair ribbon.
For zigzag ribbons, however, a remarkable new feature

arises in the band structure, as shown in Figs. 4~a!–4~c!.
Here we see that the highest valence band state and the low-
est conduction band state for the zigzag ribbons are always
degenerate at k5p , though the degeneracy is expected to
appear at uku52p/3 on the basis of the projected band struc-
ture of 2D graphite. We find that the degeneracy of the center

bands at k5p does not originate from the intrinsic band
structure of 2D graphite, and the corresponding wave func-
tions are completely localized on the edge sites. These two
special center bands get flatter with increasing ribbon width.
We show the band structure for the zigzag ribbon (N530)
together with the projected band structure of 2D graphite in
Figs. 4~d! and 4~e!. A pair of almost flat bands appears
within the region of 2p/3<uku<p where the bands sit in the
very vicinity of the Fermi level. No such flat band is ex-
pected for the projected band structure of 2D graphite. As
seen in Fig. 4~d! the second lowest conduction band shows a
dip near uku52p/3, where the highest valence band below
the center bands shows a rise, approaching closer to each
other as N increases, thereby reproducing the electronic state
around the original K point in 2D graphite.
By examining the charge density distribution, we find that

the electronic states in the almost flat bands correspond to a
state localized on the zigzag edge.10,13 We then derive an
analytic expression for the electronic wave functions for the
edge state by considering a semi-infinite graphene sheet with
a zigzag edge.11 The analytic form of the wave function is
depicted in Fig. 5.
Considering the translational symmetry, we can start

constructing the analytic solution for the edge state by
letting the Bloch components of the linear combina-
tion of atomic orbitals ~LCAO! wave function be
. . . ,eik(n21),eikn,eik(n11), . . . on successive edge sites,
where n denotes a site location on the edge. Then the math-
ematical condition necessary for the wave function to be ex-
act for E50 is that the total sum of the components of the
complex wave function over the nearest-neighbor sites
should vanish. In Fig. 5, the above condition is as follows:

FIG. 3. Calculated band structure E(k) of armchair ribbons of
various widths @N54 ~a!, 5 ~b!, and 6 ~c!#, calculated band struc-
ture of an armchair ribbon of N530 ~d!, and the projected band
structure of 2D graphite onto an armchair axis ~e!. Dashed lines in
~e! indicate the boundary of the first BZ where the zone-folding
technique should be applied.

FIG. 4. Calculated band structures E(k) of zigzag ribbons
@N54 ~a!, N55 ~b!, and N56 ~c!#, calculated band structure of a
zigzag ribbon ~d!, and the projected band structure of 2D graphite
onto a zigzag axis ~e!. See the caption of Fig. 3.

17 956 54NAKADA, FUJITA, DRESSELHAUS, AND DRESSELHAUS

6B;m`2 kXR9, *�H+mH�i2/ #�M/ bi`m+im`2b Q7 :L_b rBi? xB;x�; 2/;2b rBi? U�V N = 4 xB;x�;
+?�BMb UrB/i? �#Qmi yXd MKV- U#V N = 5 UrB/i? �#Qmi yXN MKV- U+V N = 6 UrB/i? �#Qmi
RXR MKVX 6`QK L�F�/� 2i �HX- RNNe U?iiT,ff/tX/QBXQ`;fRyXRRyjfS?vb_2p"X89XRdN89V (dj)X

#�M/ `2K�BMb bi�#H2 2p2M r?2M i?2 `B##QM rB/i? Bb BM+`2�b2/X �+im�HHv- i?2 ~�i #�M/
`2;BQM Q7 k BM+`2�b2b rBi? i?2 `B##QM rB/i? Ub22 6B;X kXRjU/V �M/ kXR9VX h?2`27Q`2- i?2
`2�H bT�+2 /Bbi`B#miBQM Q7 i?2 2/;2 bi�i2 #2+QK2b rB/2` rBi? i?2 M�MQ`B##QM rB/i?- �i

RN

https://doi.org/10.1143/jpsj.65.1920
http://dx.doi.org/10.1103/PhysRevB.54.17954


kXk :`�T?2M2 wB;x�; 1/;2 ai�i2

Fujita1996

(b) (c) (d) (e)(a)

6B;m`2 kXR8, U�V a+?2K�iB+ `2T`2b2Mi�iBQM Q7 i?2 �M�HviB+ bQHmiBQM Q7 i?2 xB;x�; 2/;2 bi�i2 QM
i?2 2/;2 bm#H�iiB+2 UbQHB/ +B`+H2bV M2�` i?2 2/;2 Bb b?QrMX U#V@U2V a+?2K�iB+ `2T`2b2Mi�iBQM Q7
i?2 `2�H +QKTQM2Mi Q7 i?2 �M�HviB+�H bi�i2 BM i?2 ~�i #�M/b M2�` i?2 xB;x�; 2/;2X h?2 #H�+F
�M/ r?Bi2 +B`+H2b `2T`2b2Mi i?2 /Bz2`2M+2 BM bB;MX h?2 bQHmiBQMb 7Q` U#V k = π- U+V k = 8π/9-
U/V k = 7π/9 �M/ U2V k = 2π/3 �`2 b?QrMX 6`QK 6mDBi� 2i �HX- RNNe U?iiTb,ff/QBXQ`;fRyX
RR9jfDTbDXe8XRNkyV (Ry)X

H2�bi �b HQM; �b i?2 :L_ rB/i? Bb bm{+B2MiHv M�``Qr (dj)X aBM+2 Bi /Q2b MQi /Bb�TT2�` �i
H�`;2` rB/i?b Bi #2+QK2b +H2�` i?�i i?2 ~�i #�M/ Bb MQi � 72�im`2 Q7 i?2 :L_- #mi BMbi2�/
Bi �`Bb2b �HQM2 7`QK i?2 xB;x�; 2/;2bX AM i?Bb bBKmH�iBQM bi�i2b QM /Bz2`2Mi bm#H�iiB+2b /Q
MQi BMi2`�+i �M/ i?2 ~�i #�M/ bi�i2b �`2 i?mb +QM}M2/ iQ i?2 2/;2 bm#H�iiB+2X AM T�`�HH2H
/B`2+iBQM iQ i?2 xB;x�; 2/;2b i?2 bi�i2b mM/2`;Q � #�M/ BMp2`bBQM r?2M +`QbbBM; i?2 #mHF
;`�T?2M2 .B`�+ TQBMib- r?B+? BM+`2�b2b i?2 `Q#mbiM2bb Q7 i?2 2/;2@HQ+�HBx2/ bi�i2b (N- d9)X

6mDBi� 2i �HX /2`Bp2/ �M �M�HviB+�H bQHmiBQM 7Q` i?Bb ~�i #�M/ bi�i2- r?B+? Bb b?QrM BM
6B;X kXR8X h?Bb bQHmiBQM +�M #2 +QMbi`m+i2/ �b � HBM2�` +QK#BM�iBQM Q7 �iQKB+ Q`#Bi�Hb QM
i?2 2/;2@bm#H�iiB+2 bBi2b- r?B+? b�iBb}2b irQ +QM/BiBQMb, 7Q` i?2 ~�i #�M/ bi�i2b �i E = 0
i?2 bmK Q7 i?2 +QKTH2t r�p27mM+iBQM Qp2` M2B;?#Q`BM; bm#H�iiB+2 bBi2b Kmbi #2 x2`Q-
�M/- #2+�mb2 Q7 i?2 i`�MbH�iBQM�H bvKK2i`v- i?2 "HQ+? +QKTQM2Mib QM bm++2bbBp2 2/;2
bBi2b Kmbi /Bz2` #v � T?�b2 7�+iQ` eik- 7Q` i?2 H�i2`�H r�p2MmK#2` kX AM i?Bb b2KB@BM}MBi2
bvbi2K- i?2 +QMp2`;2M+2 +QM/BiBQM 7Q` i?2 r�p27mM+iBQM #2+QK2b |2 cos(k2 )| < 1- �M/ i?2
bi�i2 Q7 i?2 ~�i #�M/b QMHv 2tBbi BM i?2 `�M;2 �HHQr2/ #v i?Bb +QMp2`;2M+2 +QM/BiBQM UBX2X
2π/3 ≤ |k| ≤ πVX h?2 �M�HviB+�H bQHmiBQM +QM}`Kb i?2 `�M;2 Q7 i?2 ~�i #�M/b i?�i r�b
Q#i�BM2/ #v i?2 bBKmH�iBQMb U6B;X kXRjVX 6B;m`2 kXR8U#V@U2V b?Qr i?2 `2�H +QKTQM2Mi Q7
i?2 �M�HviB+�H bQHmiBQM �i p�`BQmb p�Hm2b Q7 k rBi?BM i?2 +QMp2`;2Mi `�M;2X Ai +�M #2 b22M
i?�i BM i?2 ~�i #�M/ `2;BK2 i?2 ~�i #�M/ 7mM+iBQM /2+�vb 2tTQM2MiB�HHv �r�v 7`QK i?2
2/;2- r?2`2 i?2 /2+�v +QMbi�Mi /2T2M/b QM k �M/ Bb bK�HH2bi �i k = πX h?2`27Q`2- i?2b2
2H2+i`QMB+ bi�i2b �`2 HQ+�HBx2/ QM i?2 xB;x�; 2/;2 Q7 ;`�T?2M2X h" bBKmH�iBQMb #v LBBKB 2i
�HX Q7 KBt2/ xB;x�; �M/ �`K+?�B` 2/;2b b?Qr i?�i i?2 xB;x�; 2/;2 bi�i2 Bb `Q#mbi QM 2/;2b
rBi? }MBi2 H2M;i?- 2p2M r?2M bK�HH xB;x�; b2;K2Mib �`2 BM +HQb2 T`QtBKBiv Q7 �`K+?�B`
b2;K2Mib (Rk)X h?2b2 bBKmH�iBQMb vB2H/2/ �M 2tTQM2MiB�H /2+�v H2M;i? Q7 ξ = 0.5 MK �i
Tm`2 xB;x�; 2/;2b �M/ 7QmM/ �M BM+`2�b2 mT iQ ξ = 1.2 MK M2�` �`K+?�B` b2;K2MibX �i
KBM;H2/ xB;x�; �M/ �`K+?�B` 2/;2b i?2v �HbQ 7QmM/ i?�i i?2 +�H+mH�i2/ HQ+�H /2MbBiv Q7
bi�i2b UG.PaV Bb BM+`2�b2/ QM � (

√
3 ×

√
3)R30◦ bmT2`H�iiB+2 U`2H�iBp2 iQ i?2 ;`�T?2M2

H�iiB+2VX "Qi? i?2 HQM;2` /2+�v +QMbi�Mi ξ = 1.2 MK �M/ i?2 (
√
3×

√
3)R30◦ bmT2`H�iiB+2

�`2 2tT2`BK2Mi�HHv bmTTQ`i2/ (RRĜRj)- r?B+? Bb /Bb+mbb2/ BM i?2 M2ti b2+iBQMX

ky

https://doi.org/10.1143/jpsj.65.1920
https://doi.org/10.1143/jpsj.65.1920


kXk :`�T?2M2 wB;x�; 1/;2 ai�i2

kXkXj 1tT2`BK2Mi�H `2bmHib Q7 ;`�T?2M2 xB;x�; 2/;2 bi�i2b

the zigzag and armchair edges. This could be an
additional indication of the mingling of the two types
of edges. We took the spectroscopy data in Fig. 5 (6) at
a position where the corrugation amplitude was the
largest (smallest), based on the calculated results
shown in Fig. 4. Fig. 5 shows tunnel spectra at
different distances from a zigzag edge. A small but
clear peak appears around V ¼ "20 mVand grows as
the tip approaches the edge on the terrace (d> 0). Note
that the peak suddenly disappears when we move
across the edge (d ¼ "1:0 nm). A decay length of this
structure, estimated by subtracting a smoothed base
line from the spectra, is 1:6# 0:4 nm which is in
agreement with that (1.2 nm) for Ical in Fig. 4(a).
Since the tunnel current was unstable at jdj< 0:5 nm

for some reason, we could not obtain reliable spectra
right on the edge. It should also be noted that the
definition of d ¼ 0 is somewhat arbitrary (#0.5 nm)
because of the absence of the atomic resolution in that
region.

In contrast to the zigzag edge, we obtained
qualitatively different spectra near an armchair edge
as is shown in Fig. 6, where such an LDOS peak is not
observed within the experimental scatters. Thus we
conclude that the LDOS peak observed just below EF

in Fig. 5 corresponds to the edge state that has been
theoretically predicted to exist only for the zigzag
edge [3,4]. A recent first-principles calculation for a
graphite ribbon with zigzag edges of 3 nm wide on an
infinite graphene sheet [14] indicates that the LDOS
peak due to the edge state is located below EF by a few
tens mV. This is in reasonable agreement with the
peak in the tunnel spectra obtained in the present
experiment.
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and 7:4! 25:6 nm2 for the zigzag and armchair edges,
respectively.

The electronic states of these graphite layers are
calculated by the density-functional-derived non-
orthogonal tight-binding model [13]. We assumed
that carbon atoms at the edges are completely
hydrogen terminated, and took into account only
the p-orbital at each carbon atomic site. These are
relevant to the electronic states around EF. LDOS at
every atomic site is obtained by diagonalizing the
Hamiltonian and overlap matrices generated from
these p-orbitals at the G point.

4. Results and discussions

An STM image taken near a zigzag step edge on the
ZYX surface is shown in Fig. 2. Although an atomic
resolution is not obtained right on the edge, we can
identify it as the zigzag type by noting that the atomic
row ofB-site carbon atoms (the long dashed line) on the
upper terrace (the lower part of the image) is oriented at

60 " to the edge direction (the dashed line; see also
Fig. 1(a)). The step height estimated from the line
profile (not shown here) is 0.35 nm, which is close to
the graphite layer spacing (=0.335 nm). As seen in the
figure, the edge is probably not a perfect straight line but
has a slight irregularity. In other words, it might consist
of dominant zigzag edges and a small fraction of
armchair edges. Two types of superstructures are seen
only on the upper terrace depending on the lateral
position. One is the ð

ffiffiffi

3
p

!
ffiffiffi

3
p

ÞR30" superstructure
and the other is the honeycomb superstructure which
consists of six B-site atoms. Typical spatial extensions
of the superstructures are 3–4 nm from the edge. The
superstructure pattern did not depend on the bias
voltage in a range between +0.05 and +1.0 V. This is
probably the first STM image showing clearly the
superstructures near the zigzag edge.

Fig. 3 is an STM image obtained near an armchair
step edge. The edge type is identified from an angle
(=90 ") between the edge (the dashed line) and an
atomic row of B-site atoms (the long dashed line). As
was already reported by other workers [7], both the
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Fig. 2. An STM image near a zigzag step edge (the dashed line) on

the surface of ZYX-exfoliated graphite (8 nm! 8 nm, T ¼ 300 K,

in air). The long dashed line shows the atomic row of B-site atoms.
The diamond and hexagon represent the ð
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structure and the honeycomb one, respectively.

Fig. 3. An STM image near an armchair edge (the dashed line) on

ZYX (8 nm! 8 nm, T ¼ 300 K, in air). The long dashed line shows
the atomic row of B-site atoms. The diamond and hexagon represent

the same meanings as in Fig. 2.
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allow for the antiferromagnetic ordering along the edge in x
direction. !See Sec. III for the detailed description of mag-
netic structures." As shown in Fig. 1, the width of the strip is
defined by the number of columns, i.e., the number of zigzag
chains along the x direction, and each zigzag column is la-
beled by the index running from 1 to N. Later, in Sec. IV, we
investigate the interlayer interactions in the stacked graphitic
strips.

In order to simulate isolated graphitic strips, we use a
super-cell geometry where each plane is separated from its
replica by 10 Å in both edge-to-edge and layer-to-layer di-
rections. The atomic positions are adopted from the perfect
graphite geometry. To check the relaxation effect, geometries
of some systems are optimized with residual atomic forces
less than 0.01 eV/Å. The resulting electronic structure of the
optimized strip is almost the same as that of the unrelaxed
graphitic strip, which is consistent with a previous calcula-
tion using the model, including the electron-lattice
coupling.22 We also check the dependence of the interlayer
distance, but it does not change the energetics between con-
figurations. Thus we use a fixed geometry with the C-C bond
length of 1.42 Å, and the interlayer distance of 3.34 Å for the
stacked geometry for different electronic and magnetic con-
figurations. For the dihydrogen passivation case, we also car-
ried out full geometry optimizations, but did not find any
sizable change in the electronic structure related to the
bearded edge structure. For the Brillouin zone !BZ" integra-
tion, 15 k points are uniformly selected along the edge direc-
tion for the isolated single graphitic strip and 50 k points are
sampled over the two-dimensional BZ in the stacked geom-
etry. Since there are a few flat bands as well as dispersive
bands near the Fermi level, a large number of k points is
required in the BZ integration.

III. MAGNETIC INTERACTIONS IN SINGLE-LAYER
STRIPS

A. Total energies for different spin configurations

To investigate the magnetic couplings between the mag-
netic moments localized at the edges, we examine several
spin configurations for the zigzag-edged strip: !i" ferromag-
netically ordered spins at both edges with the same spin di-
rection, denoted by FM-F, !ii" ferromagnetically ordered
spins at each edge but with the opposite spin directions be-
tween the edges, denoted by FM-A, and !iii" antiferromag-

netically ordered spins at each edge, denoted by AF-E. !See
Fig. 2 for details." Note that the FM-F and FM-A configura-
tions have ferromagnetically ordered spins along each edge.

We perform total energy calculations for the strips without
H termination with the above-mentioned spin configurations
and the paramagnetic !PM" state. The total energies, local
spin moments, and ! state contributions to the edge mag-
netic moment are listed in Table I. It is found that the ferro-
magnetic configuration of FM-A is the lowest-energy state
with an ordered magnetic moment of m=1.28 "B per edge-
atom. However, the total energy of FM-F is quite close to
that of FM-A, with a comparable size of magnetic moments
at the edge atoms. The small difference in the total energy
between FM-F and FM-A is attributed to the interedge inter-
actions in the strip with a finite width. In Sec. III C, we will
show that the two spin configurations, FM-F and FM-A, be-
come degenerate when the two edges are separated by a large
strip width W !See Fig. 5".

B. Magnetic coupling mediated by tails of the edge-localized
!-orbital states

Contrary to the case of the graphitic strip with H
termination,12 the magnetic moment at the edge without H
termination arises from both dangling bonds as well as edge-
localized !-orbital states. The dangling bond states localized
at the edge contribute significantly to the total magnetic mo-
ment with a large exchange splitting of #2 eV, which in turn
enhances the exchange splitting of the !-orbital states local-
ized at the edge. According to the tight-binding analysis10 on
the semi-infinite graphene with a zigzag edge, the !-orbital

FIG. 1. A schematic drawing of the graphitic strip. The region
between the two dashed lines indicates a unit cell for the antiferro-
magnetic spin configuration along the edge. !See details in the text."
The indices W=1,2 ,… ,N correspond to each column of the zigzag
chain.

FIG. 2. !Color online" Contour plots of the electronic spin den-
sities of an isolated strip with the open edge. !a", !b", and !c" cor-
respond to the spin densities of FM-F, FM-A, and AF-E, respec-
tively. Thicker lines indicate the up-spin density and thinner lines
show the down-spin density. To display the sublattice magnetization
feature clearly, the contour plots are made within the plane 0.6 Å
above the strip layer containing the center of carbon atoms, where
the positions of the carbon atoms in the primitive unit cell are
shown at the bottom for clarity. Here the ball-and-stick drawing
represents a unit cell.
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(a) (b)Ferromagnetic state (FM) Anti-ferromagnetic state (AM)
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� +�Mi2/ BMi2`@2/;2 bTBM �HB;MK2Mi iQ 6J Ui?2 +�Mi2/ bi�i2 ?�b `2H�iBp2 BMi2`@2/;2 bTBM
�M;H2 i?�i Bb #2ir22M R3y◦ U�JV �M/ y◦ U6JVX 6Q` � x:L_ Q7 rB/i? kXy MK- /QTBM;
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q?2M i?2 2/;2 bi�i2b QM � x:L_ �`2 bTBM@TQH�`Bx2/- i?2 2H2+i`QMB+ #�M/ bi`m+im`2
Bb +?�M;2/X AM i?2 �J +QM};m`�iBQM- i?2 bi�i2b QM M2�`2bi@M2B;?#Q` bBi2b QM i?2 x:L_
?�p2 QTTQbBi2 bTBM@�HB;MK2Mi- i?mb � #�M/ ;�T Bb 2tT2+i2/ 7Q` �J U#mi MQi 7Q` 6JV (38)X
h?2 2H2+i`QMB+ #�M/ +�H+mH�i2/ #v HQ+�H bTBM@/2MbBiv �TT`QtBK�iBQM UGa.�V (Re) Bb b?QrM
BM 6B;X kXR3U�VX h?2 HB7iBM; Q7 i?2 bTBM /2;2M2`�+v Q7 i?2 2/;2 bi�i2b QT2Mb � #�M/ ;�TX
h?2 #�M/ bTHBiiBM; +�M #2 /2}M2/ #v � /B`2+i ;�T ∆0 �i k = 0.75π/aC �M/ � H�`;2` ;�T
∆1 �i k = π/aC - r?2`2 ac = 0.246 MK Bb i?2 i?2 H�iiB+2 +QMbi�MiX h?2 b�K2 i?2Q`2iB+�H
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E ¼ 100 meV and E ¼ "400 meV. These peak positions
are determined by the energy splitting at k ¼ !=a. This
splitting is not sensitive to the width of the ribbon [3] and
therefore the two peaks in Fig. 2(b) are well separated even
for wide ribbons.

Figure 2(c) shows how the edge states decay from the
edge to the inside of the ribbon. At an energy point above
the Fermi level E ¼ 100 meV, LDOS along line L1 (solid
line) starts to decay from the edge atom A1, becomes
almost zero between atoms A1 and A3, and has a small
value at A3. LDOS along line L2 (dashed line) decays fast
from A2 to the middle of the ribbon. The decay along both
lines can be fitted by e"y=2:18 [see Fig. 2(c)], giving the
decay length of 2.18 Å. The edge states at E ¼ "400 meV
show similar decay behavior.

The energy position of the E ¼ 100 meV peak agrees
with STM observations by Klusek et al. [8]. However, they
did not observe the E ¼ "400 meV peak. A possible
reason is that this peak is far below the Fermi energy,
where bulk states in graphite provide strong background.
Thus, in order to observe all the features of the ribbon edge,
a single-layer nanoribbon sample is needed.

As will be discussed later, defects at the edges can turn
off the spin polarization. Therefore, we also calculate the
LDOS in the nonmagnetic phase, where the system is
metallic. Figure 2(a) shows that in this case the edge states
are nearly degenerate from k ¼ 0:75 !=a to !=a, with a
small dispersion of#40 meV, and the edge states are both
below and above the Fermi level. As a result, the peaks of
the LDOS are both below and above the Fermi level, as
shown in Fig. 2(d).

The presence of peaks below and above the Fermi level
originates from (i) the edge-state energy dispersion due to
the next-nearest-neighbor hopping integral [9] (ii) the
Fermi level position near the center of the band for k >
0:75!=a, and (iii) the character of the edge states, which at
k ¼ !=a are mostly localized on the edge atoms A1, while
close to k ¼ 0:75 !=a they acquire a component at atoms
A2 and become more extended. Therefore, the LDOS near
A1 is located at 14 meV below the Fermi level, while the A2

part of LDOS is located at 12 meV above the Fermi level.
The peak below the Fermi level agrees with experiments

by Niimi et al. and Kobayashi et al. [6,7]. However, since
the peaks are very close to the Fermi level, they could be
shifted by the substrate, defects, etc. It is thus more inter-
esting to compare the measured and calculated energy
variations of the LDOS peak as the STM tip is moved
from the edge towards the center of the ribbon. Figure 2(d)
shows that the peak shifts to a higher energy, which seems
to agree with the measurements on highly oriented pyro-
lytic graphite samples [Fig. 5(b) in Ref. [6] ]. However, for
a clear comparison it would be desirable to carry out more
experiments explicitly focused on this dependence.
The quality of the edges strongly affects the measured

LDOS. We find that defects at zigzag edges, such as
admixture of armchair edges, can destroy spin polarization
by pairing the ! orbitals, as predicted by Lieb for a
bipartite lattice [20] and also discussed in Ref. [21]. For
dilute defects, the ground state remains spin polarized,
while the total energy difference between the magnetic
and nonmagnetic phases decreases, weakening the align-
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FIG. 2. Band structure and local density of states for a 20-ZR.
(a) Band structure around the Fermi level: the solid line is from
spin polarized calculations and the dashed line is from non-spin-
polarized calculations. (b) Spin polarized LDOS at atoms A1

(solid line), A2 (dashed line), and A3 (dot-dashed line). (c) Spin
polarized LDOS along lines L1 (solid line) and L2 (dashed line)
at E ¼ 100 meV. The dotted line displays the function e"y=2:18,
which indicates a decay length of 2.18 Å of the LDOS.
(d) Nonspin polarized LDOS at atoms A1 (solid line), A2 (dashed
line), and A3 (dot-dashed line).

FIG. 1 (color online). A carbon nanoribbon with 6 zigzag
chains. The system is periodic along the x direction with a
lattice constant of 2.46 Å. L1 and L2 are two lines along the y
direction that pass through an edge atom and one of its nearest
neighbors, respectively. The two sublattices are labeled A and B,
respectively, with an edge atom and its second and fourth
neighbors marked A1, A2, and A3.
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band spans the whole 1D BZ and becomes multiple degenerate
due to band folding.

B. Mean-field Hubbard model results

We now discuss the effects of e-e interactions on the
electronic spectra of chiral GNRs. Figure 3(a) shows the band
structure and the density of states (DOS) plot for a zigzag
GNR (w = 12) obtained within the mean-field Hubbard model
(U/t = 1) compared to the tight-binding results (U/t = 0). In
the presence of e-e interactions, the electronic ground state of
the zigzag GNR exhibits an interesting magnetic ordering:
ferromagnetic (FM) along the edges and antiferromagnetic
(AFM) across the nanoribbon.5 The magnetic moment per
edge unit length M = 0.313 µB/a0. Spin-polarization lifts
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FIG. 3. (Color online) (a) Effects of the electron-electron inter-
actions on the band structure (left panel) and the density of states
(right panel) of a zigzag GNR (w = 12). Dashed and solid curves
correspond to the tight-binding model (U/t = 0) and the mean-field
Hubbard model (U/t = 1), respectively. (b) and (c) Respective band
structure and density-of-states plots for (2,1) and (6,1) chiral GNRs.
(d) Spin-density distribution in (6,1) chiral GNR (w = 4). Circle
areas correspond to the local magnetic moments from the mean-field
Hubbard model solution obtained at U/t = 1.

the degeneracy of edge states and opens an electronic band
gap !0. While the tight-binding DOS has only one van Hove
singularity related to the presence of 1D edge states at E = 0,
the mean-field Hubbard model solution shows two pairs of
peaks split by !0 and !1. We note that Hamiltonian (1)
respects electron-hole symmetry. The presence of band gap !0

is related to the AFM correlation between the opposite edges,
while the larger splitting !1 is due to the FM correlation
along one single edge of most strongly localized electronic
states at k = π/a.7,28,29 Thus the presence of band gap
!0 and splitting !1 constitute independent signatures of
magnetic ordering across the nanoribbon and along its edge.
The rest of electronic spectrum (|E| > 0.18t) is negligibly
affected by the Hubbard term. Van Hove singularities at
|E| ≈ 0.2t and higher energies correspond to the bulklike
states subjected to quantum confinement in 1D GNRs of
the given width. The mean-field Hubbard model electronic
spectra of chiral GNRs show all the features characteristic
of zigzag GNRs provided the ground state is spin polarized.
Both splittings, especially !1, are reduced in the case of
(2,1) GNR (θ = 19.1◦) due to the smaller magnetic moment
M = 0.096 µB/a0 [see Fig. 3(b)]. Nanoribbons with chirality
close to θ = 0◦ show additional pairs of van Hove singularities
due to splittings of the multiple degenerate edge-state bands
at k = 0 and k = π/a [see Fig. 3(c) for θ = 7.6◦ (6,1)
GNR]. Figure 3(d) shows the distribution of spin density in

FIG. 4. (Color online) (a) Magnetic moment per edge unit length
M as a function of chirality angle θ for three different nanoribbon
widths w from the mean-field Hubbard model (U/t = 1) calculations.
The dotted line shows magnetic moments in the limit of infinite
width [see Eq. (3)]. (b) Electronic band gap !0 and maximum energy
splitting !1 as a function of θ for different values of w (mean-
field Hubbard model, U/t = 1). Crosses indicate the tight-binding
band gaps !g. The values of (c) M and (d) !0 and !1 obtained
using the mean-field Hubbard model at different values of U/t and
w = 6.
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band spans the whole 1D BZ and becomes multiple degenerate
due to band folding.

B. Mean-field Hubbard model results

We now discuss the effects of e-e interactions on the
electronic spectra of chiral GNRs. Figure 3(a) shows the band
structure and the density of states (DOS) plot for a zigzag
GNR (w = 12) obtained within the mean-field Hubbard model
(U/t = 1) compared to the tight-binding results (U/t = 0). In
the presence of e-e interactions, the electronic ground state of
the zigzag GNR exhibits an interesting magnetic ordering:
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areas correspond to the local magnetic moments from the mean-field
Hubbard model solution obtained at U/t = 1.
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singularity related to the presence of 1D edge states at E = 0,
the mean-field Hubbard model solution shows two pairs of
peaks split by !0 and !1. We note that Hamiltonian (1)
respects electron-hole symmetry. The presence of band gap !0

is related to the AFM correlation between the opposite edges,
while the larger splitting !1 is due to the FM correlation
along one single edge of most strongly localized electronic
states at k = π/a.7,28,29 Thus the presence of band gap
!0 and splitting !1 constitute independent signatures of
magnetic ordering across the nanoribbon and along its edge.
The rest of electronic spectrum (|E| > 0.18t) is negligibly
affected by the Hubbard term. Van Hove singularities at
|E| ≈ 0.2t and higher energies correspond to the bulklike
states subjected to quantum confinement in 1D GNRs of
the given width. The mean-field Hubbard model electronic
spectra of chiral GNRs show all the features characteristic
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Figure 2 | Edge states of GNRs. a, Atomically-resolved topography of the terminal edge of an (8, 1) GNR with measured width of 19.5±0.4 nm
(Vs = 0.3 V, I = 60 pA, T = 7 K). b, Structural model of the (8, 1) GNR edge shown in a. c, dI/dV spectra of the GNR edge shown in a, measured at different
points (black dots, as shown) along a line perpendicular to the GNR edge at T = 7 K. Inset shows a higher resolution dI/dV spectrum for the edge of a (5, 2)
GNR with width of 15.6±0.1 nm (initial tunnelling parameters Vs = 0.15 V, I = 50 pA; wiggle voltage Vr.m.s. = 2 mV). The dashed lines are guides to the
eye. d, dI/dV spectra measured at different points (red dots, as shown) along a line parallel to the GNR edge shown in a at T = 7 K (initial tunnelling
parameters for c and d are Vs = 0.3 V, I = 50 pA; wiggle voltage Vr.m.s. = 5 mV).

region of a monolayer GNR and clearly exhibits how the periodic
graphene sheet of the GNR terminates cleanly and with atomic
order at the gold surface.

Such high-resolution images allow us to experimentally deter-
mine the chirality of GNRs, and to create structural models of
observed edge regions. In Fig. 2a, for example, we see rows of
protrusions (with a spacing, ⇠2.5Å, equivalent to the graphene
lattice) near the edge of a GNR having a width of 19.5± 0.4 nm.
By comparing this row orientation with the orientation of the GNR
terminal edge we are able to extract the GNR chirality (details in
Supplementary Information). The GNR shown in Fig. 2a has an
(8, 1) chirality (equivalent to ✓ = 5.8�), and the resulting structural
model for this GNR is shown in Fig. 2b. We find the distribution of
GNR chiralities to be essentially random. This is consistent with our
structural data, which indicates that the CNT unzipping direction
is very close to the axial direction of the precursor CNTs (see

Supplementary Information), as well as the fact that the precursor
CNTs have a broad chirality distribution14.

We explored the local electronic structure of GNR edges using
STS, in which dI/dV measurement reflects the energy-resolved
local density of states (LDOS) of a GNR. Figure 2c,d shows dI/dV
spectra obtained at different positions (as marked) near the edge
of the (8, 1) GNR pictured in Fig. 2a. dI/dV spectra measured
within 24Å of the GNR edge typically show a broad gap-like feature
having an energy width of ⇠130meV. This is very similar to the
behaviour observed in the middle of large-scale graphene sheets,
and is attributed to the onset of phonon-assisted inelastic electron
tunnelling15 for |E| � 65meV. This feature disappears further into
the interior of theGNR, as expected, because of increased tunnelling
to the Au substrate16. Very close to the GNR edge, however, we
observe further features in the spectra. The most dominant of these
features are two peaks that rise up within the elastic tunnelling
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Figure 2 | Edge states of GNRs. a, Atomically-resolved topography of the terminal edge of an (8, 1) GNR with measured width of 19.5±0.4 nm
(Vs = 0.3 V, I = 60 pA, T = 7 K). b, Structural model of the (8, 1) GNR edge shown in a. c, dI/dV spectra of the GNR edge shown in a, measured at different
points (black dots, as shown) along a line perpendicular to the GNR edge at T = 7 K. Inset shows a higher resolution dI/dV spectrum for the edge of a (5, 2)
GNR with width of 15.6±0.1 nm (initial tunnelling parameters Vs = 0.15 V, I = 50 pA; wiggle voltage Vr.m.s. = 2 mV). The dashed lines are guides to the
eye. d, dI/dV spectra measured at different points (red dots, as shown) along a line parallel to the GNR edge shown in a at T = 7 K (initial tunnelling
parameters for c and d are Vs = 0.3 V, I = 50 pA; wiggle voltage Vr.m.s. = 5 mV).

region of a monolayer GNR and clearly exhibits how the periodic
graphene sheet of the GNR terminates cleanly and with atomic
order at the gold surface.

Such high-resolution images allow us to experimentally deter-
mine the chirality of GNRs, and to create structural models of
observed edge regions. In Fig. 2a, for example, we see rows of
protrusions (with a spacing, ⇠2.5Å, equivalent to the graphene
lattice) near the edge of a GNR having a width of 19.5± 0.4 nm.
By comparing this row orientation with the orientation of the GNR
terminal edge we are able to extract the GNR chirality (details in
Supplementary Information). The GNR shown in Fig. 2a has an
(8, 1) chirality (equivalent to ✓ = 5.8�), and the resulting structural
model for this GNR is shown in Fig. 2b. We find the distribution of
GNR chiralities to be essentially random. This is consistent with our
structural data, which indicates that the CNT unzipping direction
is very close to the axial direction of the precursor CNTs (see

Supplementary Information), as well as the fact that the precursor
CNTs have a broad chirality distribution14.

We explored the local electronic structure of GNR edges using
STS, in which dI/dV measurement reflects the energy-resolved
local density of states (LDOS) of a GNR. Figure 2c,d shows dI/dV
spectra obtained at different positions (as marked) near the edge
of the (8, 1) GNR pictured in Fig. 2a. dI/dV spectra measured
within 24Å of the GNR edge typically show a broad gap-like feature
having an energy width of ⇠130meV. This is very similar to the
behaviour observed in the middle of large-scale graphene sheets,
and is attributed to the onset of phonon-assisted inelastic electron
tunnelling15 for |E| � 65meV. This feature disappears further into
the interior of theGNR, as expected, because of increased tunnelling
to the Au substrate16. Very close to the GNR edge, however, we
observe further features in the spectra. The most dominant of these
features are two peaks that rise up within the elastic tunnelling
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Figure 2 | Edge states of GNRs. a, Atomically-resolved topography of the terminal edge of an (8, 1) GNR with measured width of 19.5±0.4 nm
(Vs = 0.3 V, I = 60 pA, T = 7 K). b, Structural model of the (8, 1) GNR edge shown in a. c, dI/dV spectra of the GNR edge shown in a, measured at different
points (black dots, as shown) along a line perpendicular to the GNR edge at T = 7 K. Inset shows a higher resolution dI/dV spectrum for the edge of a (5, 2)
GNR with width of 15.6±0.1 nm (initial tunnelling parameters Vs = 0.15 V, I = 50 pA; wiggle voltage Vr.m.s. = 2 mV). The dashed lines are guides to the
eye. d, dI/dV spectra measured at different points (red dots, as shown) along a line parallel to the GNR edge shown in a at T = 7 K (initial tunnelling
parameters for c and d are Vs = 0.3 V, I = 50 pA; wiggle voltage Vr.m.s. = 5 mV).
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graphene sheet of the GNR terminates cleanly and with atomic
order at the gold surface.

Such high-resolution images allow us to experimentally deter-
mine the chirality of GNRs, and to create structural models of
observed edge regions. In Fig. 2a, for example, we see rows of
protrusions (with a spacing, ⇠2.5Å, equivalent to the graphene
lattice) near the edge of a GNR having a width of 19.5± 0.4 nm.
By comparing this row orientation with the orientation of the GNR
terminal edge we are able to extract the GNR chirality (details in
Supplementary Information). The GNR shown in Fig. 2a has an
(8, 1) chirality (equivalent to ✓ = 5.8�), and the resulting structural
model for this GNR is shown in Fig. 2b. We find the distribution of
GNR chiralities to be essentially random. This is consistent with our
structural data, which indicates that the CNT unzipping direction
is very close to the axial direction of the precursor CNTs (see

Supplementary Information), as well as the fact that the precursor
CNTs have a broad chirality distribution14.

We explored the local electronic structure of GNR edges using
STS, in which dI/dV measurement reflects the energy-resolved
local density of states (LDOS) of a GNR. Figure 2c,d shows dI/dV
spectra obtained at different positions (as marked) near the edge
of the (8, 1) GNR pictured in Fig. 2a. dI/dV spectra measured
within 24Å of the GNR edge typically show a broad gap-like feature
having an energy width of ⇠130meV. This is very similar to the
behaviour observed in the middle of large-scale graphene sheets,
and is attributed to the onset of phonon-assisted inelastic electron
tunnelling15 for |E| � 65meV. This feature disappears further into
the interior of theGNR, as expected, because of increased tunnelling
to the Au substrate16. Very close to the GNR edge, however, we
observe further features in the spectra. The most dominant of these
features are two peaks that rise up within the elastic tunnelling
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underneath the atomically sharp STM tip apex. More details on the
nanolithographic process are given in the Methods.

Using the STM nanolithographic technique, we defined nanoribbons
into graphene sheets grown by chemical vapour deposition and trans-
ferred onto gold (Au) substrates with large Au (111) terraces. Au (111)
has been predicted to be one of the few substrates preserving edge mag-
netism in supported graphene ribbons21. Nanoribbons with pre-defined
armchair or zigzag edge orientation and widths ranging down to 3 nm
were defined (Fig. 1). The as-fabricated ribbons display regular edges
of subnanometre roughness. The bright protrusions near the edges in
Fig. 1 are due to a known imaging instability23, rather than edge defects
or impurities. Upon optimizing the STM imaging, we found the edges
defined by STM lithography to be straight and close to atomically smooth,
free of detectable impurities, reconstructions or curvature (Extended
Data Fig. 1).

Tunnelling spectra acquired on armchair ribbons displayed semi-
conducting current–voltage (I–V) characteristics, in contrast to spec-
tra taken on graphene outside the ribbons (see Extended Data Fig. 2).
The measured bandgap as a function of the corresponding ribbon width
is plotted in Fig. 2a. A clear inverse proportionality is revealed, in ex-
cellent quantitative agreement with our calculations based on the Hub-
bard model (equation (1)) considering hydrogen-saturated and relaxed
edges, as well as first-principles DFT calculations16. The theoretical data
points correspond to three classes of armchair ribbons: with 3n, 3n 1 1

and 3n 1 2 (for n 5 1, 2, 3,…) rows of carbon dimers across their width.
The measurement error and the emerging atomic-scale edge irregular-
ities do not allow us to distinguish clearly between ribbons belonging to
the 3n and 3n 1 1 classes; however, armchair ribbon segments with no
detectable gap have been observed in a few cases, which probably belong
to the 3n 1 2 class. Consequently, our measurements systematically
verify the predicted mechanism of bandgap opening caused by the lat-
eral confinement of the charge carriers in ribbons of precisely armchair
edge orientation.

A strikingly different behaviour is revealed in zigzag graphene nano-
ribbons (Fig. 2b). For zigzag graphene nanoribbons narrower than 7 nm,
we observed a fairly large bandgap of about 200–300 meV. As discussed
above, the broadly predicted origin of bandgap opening in zigzag ribbons
is electron–electron interactions and the predicted many-body ground
state implies that the edges are magnetized16,18,19.

However, in contrast to first principles theoretical predictions16, the
measured gap suddenly vanishes for zigzag ribbons wider than 8 nm.
We attribute this discrepancy to the fact that these calculations were per-
formed at zero temperature and without doping, whereas the experi-
mental data was acquired at room temperature and finite doping (the
corresponding shift of the Fermi level DEF is about 50–100 meV; see
Extended Data Fig. 2c). When the effects of temperature and doping
were not taken into consideration, we found the ground state to be always
semiconducting (antiferromagnetic) and no steep transition to a metallic

5 nm 5 nm

a b

Figure 1 | Fabrication of graphene nanoribbons with precisely defined
crystallographic edge orientations. STM image (500 mV, 0.8 nA) of a 5-nm-
wide graphene nanoribbon with armchair edge orientation (a) and STM image
of a 6.5-nm-wide ribbon with edges of precisely zigzag orientation (300 mV,
2 nA) (b) patterned by scanning tunnelling lithography in a graphene sheet

deposited on a Au(111) substrate. The circular insets show atomic-resolution
STM images, confirming the crystallographic directions of the edges. The
atomic-resolution images in the insets were Fourier filtered for clarity. The
protrusions on the otherwise highly regular edges are imaging instabilities.
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Figure 2 | Edge-specific electronic and magnetic properties of graphene
nanoribbons. The bandgap measured by tunnelling spectroscopy as a function
of ribbon width in armchair (a) and zigzag (b) ribbons. Armchair ribbons
display a quantum confinement gap inversely proportional to their width
(where n 5 1, 2, 3,...; see main text). In zigzag ribbons the band structure is
governed by the emerging edge magnetism and a sharp semiconductor

(antiferromagnetic) to metal (ferromagnetic) transition is revealed. Theoretical
data points were calculated using the mean field Hubbard model (continuous
lines are only guides to the eye). Error bars of the measured gap values
originate from thermal broadening and substrate effects; error bars for ribbon
widths (horizontal) arise from tip convolution effects.
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underneath the atomically sharp STM tip apex. More details on the
nanolithographic process are given in the Methods.

Using the STM nanolithographic technique, we defined nanoribbons
into graphene sheets grown by chemical vapour deposition and trans-
ferred onto gold (Au) substrates with large Au (111) terraces. Au (111)
has been predicted to be one of the few substrates preserving edge mag-
netism in supported graphene ribbons21. Nanoribbons with pre-defined
armchair or zigzag edge orientation and widths ranging down to 3 nm
were defined (Fig. 1). The as-fabricated ribbons display regular edges
of subnanometre roughness. The bright protrusions near the edges in
Fig. 1 are due to a known imaging instability23, rather than edge defects
or impurities. Upon optimizing the STM imaging, we found the edges
defined by STM lithography to be straight and close to atomically smooth,
free of detectable impurities, reconstructions or curvature (Extended
Data Fig. 1).

Tunnelling spectra acquired on armchair ribbons displayed semi-
conducting current–voltage (I–V) characteristics, in contrast to spec-
tra taken on graphene outside the ribbons (see Extended Data Fig. 2).
The measured bandgap as a function of the corresponding ribbon width
is plotted in Fig. 2a. A clear inverse proportionality is revealed, in ex-
cellent quantitative agreement with our calculations based on the Hub-
bard model (equation (1)) considering hydrogen-saturated and relaxed
edges, as well as first-principles DFT calculations16. The theoretical data
points correspond to three classes of armchair ribbons: with 3n, 3n 1 1

and 3n 1 2 (for n 5 1, 2, 3,…) rows of carbon dimers across their width.
The measurement error and the emerging atomic-scale edge irregular-
ities do not allow us to distinguish clearly between ribbons belonging to
the 3n and 3n 1 1 classes; however, armchair ribbon segments with no
detectable gap have been observed in a few cases, which probably belong
to the 3n 1 2 class. Consequently, our measurements systematically
verify the predicted mechanism of bandgap opening caused by the lat-
eral confinement of the charge carriers in ribbons of precisely armchair
edge orientation.

A strikingly different behaviour is revealed in zigzag graphene nano-
ribbons (Fig. 2b). For zigzag graphene nanoribbons narrower than 7 nm,
we observed a fairly large bandgap of about 200–300 meV. As discussed
above, the broadly predicted origin of bandgap opening in zigzag ribbons
is electron–electron interactions and the predicted many-body ground
state implies that the edges are magnetized16,18,19.

However, in contrast to first principles theoretical predictions16, the
measured gap suddenly vanishes for zigzag ribbons wider than 8 nm.
We attribute this discrepancy to the fact that these calculations were per-
formed at zero temperature and without doping, whereas the experi-
mental data was acquired at room temperature and finite doping (the
corresponding shift of the Fermi level DEF is about 50–100 meV; see
Extended Data Fig. 2c). When the effects of temperature and doping
were not taken into consideration, we found the ground state to be always
semiconducting (antiferromagnetic) and no steep transition to a metallic
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Figure 1 | Fabrication of graphene nanoribbons with precisely defined
crystallographic edge orientations. STM image (500 mV, 0.8 nA) of a 5-nm-
wide graphene nanoribbon with armchair edge orientation (a) and STM image
of a 6.5-nm-wide ribbon with edges of precisely zigzag orientation (300 mV,
2 nA) (b) patterned by scanning tunnelling lithography in a graphene sheet

deposited on a Au(111) substrate. The circular insets show atomic-resolution
STM images, confirming the crystallographic directions of the edges. The
atomic-resolution images in the insets were Fourier filtered for clarity. The
protrusions on the otherwise highly regular edges are imaging instabilities.
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Figure 2 | Edge-specific electronic and magnetic properties of graphene
nanoribbons. The bandgap measured by tunnelling spectroscopy as a function
of ribbon width in armchair (a) and zigzag (b) ribbons. Armchair ribbons
display a quantum confinement gap inversely proportional to their width
(where n 5 1, 2, 3,...; see main text). In zigzag ribbons the band structure is
governed by the emerging edge magnetism and a sharp semiconductor

(antiferromagnetic) to metal (ferromagnetic) transition is revealed. Theoretical
data points were calculated using the mean field Hubbard model (continuous
lines are only guides to the eye). Error bars of the measured gap values
originate from thermal broadening and substrate effects; error bars for ribbon
widths (horizontal) arise from tip convolution effects.
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underneath the atomically sharp STM tip apex. More details on the
nanolithographic process are given in the Methods.

Using the STM nanolithographic technique, we defined nanoribbons
into graphene sheets grown by chemical vapour deposition and trans-
ferred onto gold (Au) substrates with large Au (111) terraces. Au (111)
has been predicted to be one of the few substrates preserving edge mag-
netism in supported graphene ribbons21. Nanoribbons with pre-defined
armchair or zigzag edge orientation and widths ranging down to 3 nm
were defined (Fig. 1). The as-fabricated ribbons display regular edges
of subnanometre roughness. The bright protrusions near the edges in
Fig. 1 are due to a known imaging instability23, rather than edge defects
or impurities. Upon optimizing the STM imaging, we found the edges
defined by STM lithography to be straight and close to atomically smooth,
free of detectable impurities, reconstructions or curvature (Extended
Data Fig. 1).

Tunnelling spectra acquired on armchair ribbons displayed semi-
conducting current–voltage (I–V) characteristics, in contrast to spec-
tra taken on graphene outside the ribbons (see Extended Data Fig. 2).
The measured bandgap as a function of the corresponding ribbon width
is plotted in Fig. 2a. A clear inverse proportionality is revealed, in ex-
cellent quantitative agreement with our calculations based on the Hub-
bard model (equation (1)) considering hydrogen-saturated and relaxed
edges, as well as first-principles DFT calculations16. The theoretical data
points correspond to three classes of armchair ribbons: with 3n, 3n 1 1

and 3n 1 2 (for n 5 1, 2, 3,…) rows of carbon dimers across their width.
The measurement error and the emerging atomic-scale edge irregular-
ities do not allow us to distinguish clearly between ribbons belonging to
the 3n and 3n 1 1 classes; however, armchair ribbon segments with no
detectable gap have been observed in a few cases, which probably belong
to the 3n 1 2 class. Consequently, our measurements systematically
verify the predicted mechanism of bandgap opening caused by the lat-
eral confinement of the charge carriers in ribbons of precisely armchair
edge orientation.

A strikingly different behaviour is revealed in zigzag graphene nano-
ribbons (Fig. 2b). For zigzag graphene nanoribbons narrower than 7 nm,
we observed a fairly large bandgap of about 200–300 meV. As discussed
above, the broadly predicted origin of bandgap opening in zigzag ribbons
is electron–electron interactions and the predicted many-body ground
state implies that the edges are magnetized16,18,19.

However, in contrast to first principles theoretical predictions16, the
measured gap suddenly vanishes for zigzag ribbons wider than 8 nm.
We attribute this discrepancy to the fact that these calculations were per-
formed at zero temperature and without doping, whereas the experi-
mental data was acquired at room temperature and finite doping (the
corresponding shift of the Fermi level DEF is about 50–100 meV; see
Extended Data Fig. 2c). When the effects of temperature and doping
were not taken into consideration, we found the ground state to be always
semiconducting (antiferromagnetic) and no steep transition to a metallic
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Figure 1 | Fabrication of graphene nanoribbons with precisely defined
crystallographic edge orientations. STM image (500 mV, 0.8 nA) of a 5-nm-
wide graphene nanoribbon with armchair edge orientation (a) and STM image
of a 6.5-nm-wide ribbon with edges of precisely zigzag orientation (300 mV,
2 nA) (b) patterned by scanning tunnelling lithography in a graphene sheet

deposited on a Au(111) substrate. The circular insets show atomic-resolution
STM images, confirming the crystallographic directions of the edges. The
atomic-resolution images in the insets were Fourier filtered for clarity. The
protrusions on the otherwise highly regular edges are imaging instabilities.
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Figure 2 | Edge-specific electronic and magnetic properties of graphene
nanoribbons. The bandgap measured by tunnelling spectroscopy as a function
of ribbon width in armchair (a) and zigzag (b) ribbons. Armchair ribbons
display a quantum confinement gap inversely proportional to their width
(where n 5 1, 2, 3,...; see main text). In zigzag ribbons the band structure is
governed by the emerging edge magnetism and a sharp semiconductor

(antiferromagnetic) to metal (ferromagnetic) transition is revealed. Theoretical
data points were calculated using the mean field Hubbard model (continuous
lines are only guides to the eye). Error bars of the measured gap values
originate from thermal broadening and substrate effects; error bars for ribbon
widths (horizontal) arise from tip convolution effects.
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underneath the atomically sharp STM tip apex. More details on the
nanolithographic process are given in the Methods.

Using the STM nanolithographic technique, we defined nanoribbons
into graphene sheets grown by chemical vapour deposition and trans-
ferred onto gold (Au) substrates with large Au (111) terraces. Au (111)
has been predicted to be one of the few substrates preserving edge mag-
netism in supported graphene ribbons21. Nanoribbons with pre-defined
armchair or zigzag edge orientation and widths ranging down to 3 nm
were defined (Fig. 1). The as-fabricated ribbons display regular edges
of subnanometre roughness. The bright protrusions near the edges in
Fig. 1 are due to a known imaging instability23, rather than edge defects
or impurities. Upon optimizing the STM imaging, we found the edges
defined by STM lithography to be straight and close to atomically smooth,
free of detectable impurities, reconstructions or curvature (Extended
Data Fig. 1).

Tunnelling spectra acquired on armchair ribbons displayed semi-
conducting current–voltage (I–V) characteristics, in contrast to spec-
tra taken on graphene outside the ribbons (see Extended Data Fig. 2).
The measured bandgap as a function of the corresponding ribbon width
is plotted in Fig. 2a. A clear inverse proportionality is revealed, in ex-
cellent quantitative agreement with our calculations based on the Hub-
bard model (equation (1)) considering hydrogen-saturated and relaxed
edges, as well as first-principles DFT calculations16. The theoretical data
points correspond to three classes of armchair ribbons: with 3n, 3n 1 1

and 3n 1 2 (for n 5 1, 2, 3,…) rows of carbon dimers across their width.
The measurement error and the emerging atomic-scale edge irregular-
ities do not allow us to distinguish clearly between ribbons belonging to
the 3n and 3n 1 1 classes; however, armchair ribbon segments with no
detectable gap have been observed in a few cases, which probably belong
to the 3n 1 2 class. Consequently, our measurements systematically
verify the predicted mechanism of bandgap opening caused by the lat-
eral confinement of the charge carriers in ribbons of precisely armchair
edge orientation.

A strikingly different behaviour is revealed in zigzag graphene nano-
ribbons (Fig. 2b). For zigzag graphene nanoribbons narrower than 7 nm,
we observed a fairly large bandgap of about 200–300 meV. As discussed
above, the broadly predicted origin of bandgap opening in zigzag ribbons
is electron–electron interactions and the predicted many-body ground
state implies that the edges are magnetized16,18,19.

However, in contrast to first principles theoretical predictions16, the
measured gap suddenly vanishes for zigzag ribbons wider than 8 nm.
We attribute this discrepancy to the fact that these calculations were per-
formed at zero temperature and without doping, whereas the experi-
mental data was acquired at room temperature and finite doping (the
corresponding shift of the Fermi level DEF is about 50–100 meV; see
Extended Data Fig. 2c). When the effects of temperature and doping
were not taken into consideration, we found the ground state to be always
semiconducting (antiferromagnetic) and no steep transition to a metallic
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Figure 1 | Fabrication of graphene nanoribbons with precisely defined
crystallographic edge orientations. STM image (500 mV, 0.8 nA) of a 5-nm-
wide graphene nanoribbon with armchair edge orientation (a) and STM image
of a 6.5-nm-wide ribbon with edges of precisely zigzag orientation (300 mV,
2 nA) (b) patterned by scanning tunnelling lithography in a graphene sheet

deposited on a Au(111) substrate. The circular insets show atomic-resolution
STM images, confirming the crystallographic directions of the edges. The
atomic-resolution images in the insets were Fourier filtered for clarity. The
protrusions on the otherwise highly regular edges are imaging instabilities.
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Figure 2 | Edge-specific electronic and magnetic properties of graphene
nanoribbons. The bandgap measured by tunnelling spectroscopy as a function
of ribbon width in armchair (a) and zigzag (b) ribbons. Armchair ribbons
display a quantum confinement gap inversely proportional to their width
(where n 5 1, 2, 3,...; see main text). In zigzag ribbons the band structure is
governed by the emerging edge magnetism and a sharp semiconductor

(antiferromagnetic) to metal (ferromagnetic) transition is revealed. Theoretical
data points were calculated using the mean field Hubbard model (continuous
lines are only guides to the eye). Error bars of the measured gap values
originate from thermal broadening and substrate effects; error bars for ribbon
widths (horizontal) arise from tip convolution effects.
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6B;m`2 kXkj, U�V ahJ BK�;2 Q7 � ;`�T?2M2 M�MQ`B##QM rBi? xB;x�;@/B`2+iBQM 2/;2b �M/ rB/i?
W = 6.5 MK QM �mURRRVX U#V "�M/ ;�T Q#i�BM2/ QM bm+? M�MQ`B##QMb rBi? /Bz2`2Mi W #v imM@
M2HBM; I@V K2�bm`2K2Mib- �M/ +�H+mH�i2/ #�M/ ;�T QM bTBM@TQH�`Bx2/ x:L_bX J2�bm`2K2Mib
r2`2 K�/2 �i `QQK i2KT2`�im`2X _2T`BMi2/ #v T2`KBbbBQM 7`QK aT`BM;2` L�im`2, L�im`2
Ǵ_QQK@i2KT2`�im`2 K�;M2iB+ Q`/2` QM xB;x�; 2/;2b Q7 M�``Qr ;`�T?2M2 M�MQ`B##QMbǴ- :�#Q`
wbQHi J�;/�- 2i �HX- UkyR9V (kR)X

iBQMb Q7 bTBM@TQH�`Bx2/ M�MQ`B##QMb- i?2 mMFMQrM 2/;2 i2`KBM�iBQM K�F2 Bi M2+2bb�`v iQ
+H�`B7v i?2 T`QT2`iB2b Q7 x:L_ 2/;2 bi�i2b BM � M2r bim/v i?�i �pQB/b i?2b2 /B{+mHiB2bX
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/If/V bT2+i`mK QM L�*H K�v +QMbBbi Q7 i?`22 T2�Fb- �Hi?Qm;? i?2 i?B`/ QM2 Bb MQi
+H2�`Hv Q#b2`p2/X h?2 �mi?Q`b 7QmM/ +QMbBbi2M+v #2ir22M i?2 2tT2`BK2Mi�H `2bmHib �M/
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[ P. Ruffieux et al., Nature 531, 489 (2016).]Bottom-up synthesized z-GNR on NaCl/Au(111)

6-ZGNR (W ~ 1.1 nm)

Δbulk = 1.5 eV
Δedge = 1.9 eV

Au(111)NaCl

1 nm

STM/S at T = 5 K
Vgap = –0.25 V, It = 0.1 nA
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6B;m`2 kXk9, U�V ahJ BK�;2 Q7 � x:L_ QM �mURRRV �M/ L�*H KQMQH�v2` BbH�M/bX /If/V
bT2+i`� i�F2M �i i?2 U#V +QHQ`2/ /Qib- U+V i`B�M;H2b- U/V +B`+H2X U/V �HbQ BM+Hm/2b +�H+mH�i2/ .Pa
�i � bTBM@TQH�`Bx2/ ;`�T?2M2 xB;x�; 2/;2X J2�bm`2K2Mib �i T = 7 EX _2T`BMi2/ #v T2`KBbbBQM
7`QK aT`BM;2` L�im`2, L�im`2 ǴPM@bm`7�+2 bvMi?2bBb Q7 ;`�T?2M2 M�MQ`B##QMb rBi? xB;x�; 2/;2
iQTQHQ;vǴ- S�b+�H _m{2mt- 2i �HX- UkyReV (kk)X

� +�H+mH�i2/ bT2+i`mK 7Q` � bTBM@TQH�`Bx2/ xB;x�; 2/;2 bi�i2X h?2 +�H+mH�iBQM mb2/ i?2
:q �TT`QtBK�iBQM UmbBM; :`22MǶb 7mM+iBQM �M/ �bbmKBM; b+`22M2/ BMi2`�+iBQMV Q7 i?2
K�Mv@#Q/v T2`im`#�iBQM i?2Q`v- r?B+? vB2H/2/ � #2ii2` }i i?�M K2�M@}2H/ +�H+mH�iBQMbX
h?2 bvMi?2bBx2/ x:L_b BM i?Bb bim/v ?�p2 r2HH +QMi`QHH2/ xB;x�; 2/;2b- ?Qr2p2` � /`�r@
#�+F Q7 i?Bb K2i?Q/ Bb i?�i QMHv � bBM;H2 x:L_ rB/i? +�M #2 Q#i�BM2/X h?mb i?2 rB/i?
/2T2M/2M+2- 2tT2+i2/ 7Q` bTBM@TQH�`Bx2/ 2/;2 bi�i2b- +�MMQi #2 +QM}`K2/X 6m`i?2`KQ`2-
MQ bT�iB�H /Bbi`B#miBQM r�b b?QrM- r?B+? +QmH/ /Bz2`2MiB�i2 bi�i2b Q7 i?2 b�KTH2 2/;2
�M/ #mHFX h?2 �#b2M+2 Q7 2/;2 bi�i2b QM 2/;2b QM i?2 �mURRRV bm#bi`�i2 BM i?Bb bim/v
Bb BM b2p2`2 +QMi`�/B+iBQM rBi? i?2 `2bmHib T`2b2Mi2/ BM _27bX (kR- kj)- r?B+? r2`2 �HbQ
Q#i�BM2/ QM �mURRRV bm#bi`�i2b- �M/ 2p2M rBi? i?2 i?2Q`v (jy)X

kX9 >v/`Q;2M SH�bK� 1i+?BM;
PM2 Q7 i?2 K�BM /B{+mHiB2b BM bim/vBM; xB;x�; 2/;2 bi�i2b Bb Q#i�BMBM; +H2�M �M/ p2`@
b�iBH2 ;`�T?2M2 xB;x�; 2/;2b- �b /Bb+mbb2/ BM i?2 T`2pBQmb b2+iBQMX h?2b2 /B{+mHiB2b
r2`2 `2+2MiHv Qp2`+QK2 #v i?2 /2p2HQTK2Mi Q7 � K2i?Q/ #�b2/ QM �MBbQi`QTB+ 2i+?BM;
#v ?v/`Q;2M TH�bK� U>@TH�bK�V- r?B+? +�M T`Q/m+2 ?B;?Hv �++m`�i2 xB;x�; 2/;2b rBi?
FMQrM 2/;2 i2`KBM�iBQM (k9ĜkN)X h?Bb Bb mb2/ iQ T`2T�`2 i?2 b�KTH2b BM i?Bb rQ`FX �/@
/BiBQM�HHv- bm+? �M 2i+?BM; i2+?MB[m2 Bb Q7 bT2+B�H BMi2`2bi- #2+�mb2 Bi +�M T`Q/m+2 +H2�M
xB;x�; 2/;2b QM T`2@T�ii2`M2/ bi`m+im`2b rBi? H2bb +QMi`QHH2/ 2/;2b (k9)X 1i+?BM; Q++m`b
/m2 iQ +?2KBbQ`TiBQM Q7 >@`�/B+�Hb BM i?2 >@TH�bK�X h?2b2 +�M 7Q`K +Qp�H2Mi #QM/b
rBi? *@�iQKb Q7 ;`�T?2M2 �i bm`7�+2 /272+ibX �7i2`r�`/b- i?2 `2K�BMBM; *@* #QM/b Q7
� ?v/`Q;2M�i2/ *@�iQK +�M #2 #`QF2M #v Qi?2` >@`�/B+�HbX h?2 bi�#BHBiv Q7 i?2 *@*
#QM/b /2T2M/b QM i?2 +QM};m`�iBQM Q7 i?2 2/;2 �iQK �M/ /Bz2`b QM xB;x�; �M/ �`K+?�B`
2/;2b- i?Bb ;Bp2b `Bb2 iQ i?2 2i+?BM; �MBbQi`QTv (k9- k8)X h?2 2i+?BM; T`Q/m+i Bb T`Q#�#Hv
K2i?�M2 (3d)X a2p2`�H bim/B2b BMp2biB;�i2/ 2i+?BM; Q7 ;`�T?2M2 #v ?v/`Q;2M TH�bK�X h?2
>@TH�bK� 2i+?BM; T�`�K2i2`b �`2 bmKK�`Bx2/ BM i�#H2 kXRX h?Bb BM+Hm/2b i?2 `2bmHib #v

kN
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Qm` ;`QmT- #v J�ibmB 2iX �HX (k3)- r?B+? r2`2 mb2/ BM i?2 T`2b2Mi rQ`F- �M/ Bb b?QrM iQ
T`QpB/2 �M Qp2`pB2r Q7 i?2 /Bz2`2Mi Tm#HBb?2/ i2+?MB[m2bX

h�#H2 kXR, amKK�`v Q7 bim/B2b Q7 >@TH�bK� 2i+?BM; Q7 ;`�T?2M2X h?2 i2+?MB[m2 mb2/ BM i?Bb
rQ`F Bb i?2 b�K2 �b i?�i BM _27X (k3)X AM �HH +�b2b � 7`2[m2M+v fRF = 13.56 F>x r�b mb2/ iQ
;2M2`�i2 i?2 TH�bK�X

amKK�`v Q7 bim/B2b Q7 >@TH�bK� 2i+?BM; Q7 ;`�T?2M2
qQ`F a�KTH2 T U◦*V P US�V WRF UqV t UKBMV
sB2 2iX �H (k8) :`�T?2M2faB jyy 9y ky ey
u�M; 2iX �H (k9) :`�T?Bi2- kyy@dyy ∼98 8y- Ryy ky@Rky

:`�T?2M2faBP2

.B�MFQp 2iX �H (ke) :`�T?2M2faBP2 8yy ∼8j ky Ry
>m; 2iX �H (kd) :`�T?2M2faBP2 kyy@eyy 9y@Rdy jy ≥ey
J�ibmB 2iX �H (k3) :`�T?Bi2- kyy@dyy Rj@8Ny Ry@8y ky@ey

:`�T?2M2faBP2

sB2 2iX �H (k8) 7QmM/ i?�i 2tTQbBM; ;`�T?2M2 iQ >@TH�bK� mM/2` +2`i�BM +QM/BiBQMb
b2H2+iBp2Hv 2i+?2b i?2 2/;2b- r?BH2 H2�pBM; i?2 i2``�+2b T`BbiBM2X h?2 i2`KBM�iBQM Q7
;`�T?2M2 M�MQ`B##QMb QM �mURRRV r�b bim/B2/ �7i2` i?2 b�K2 >@TH�bK� i`2�iK2Mi (kN)X
6Q` i?Bb bim/v- +?B`�H M�MQ`B##QMb r2`2 }`bi T`2T�`2/ #v mMxBTTBM; +�`#QM M�MQim#2b BM
�M Q`;�MB+ bQHmiBQM #v bQMB}+�iBQM (33)X �7i2` R8 KBM 2tTQbm`2 iQ >@TH�bK�- Bi r�b 7QmM/
#v ahJ i?�i i?2 M�MQ`B##QM rB/i?b /2+`2�b2/ �M/ xB;x�;- �`K+?�B` �M/ +?B`�H 2/;2b
r2`2 7Q`K2/X >Qr2p2`- xB;x�; 2/;2b r2`2 �TT�`2MiHv MQi T`272`2MiB�HHv +`2�i2/X h?2
2/;2 ivT2 QMHv /2T2M/2/ QM i?2 Q`B;BM�H /B`2+iBQM Q7 i?2 M�MQ`B##QMbX *QKT�`BbQMb Q7
}`bi@T`BM+BTH2b G.Pa +�H+mH�iBQMb Q7 i?2 i?2`KQ/vM�KB+�HHv 7�pQ`�#H2 bi`m+im`2b BM i?2
T`2b2M+2 Q7 ?v/`Q;2M iQ i?2 ahJ BK�;2b �`2 b?QrM BM 6B;X kXk8X aBKmH�iBQMb Q7 xB;x�;-
+?B`�H �M/ �`K+?�B` 2/;2b T�bbBp�i2/ #v � bBM;H2 ?v/`Q;2M �iQK- b?QrM BM 6B;X kXk8U7V@
U?V- vB2H/ ;QQ/ �;`22K2Mi rBi? i?2 ahJ K2�bm`2K2Mib U+V@U2VX AM 6B;X kXk8UBV- i?2
+�H+mH�i2/ 2M2`;v Q7 xB;x�; 2/;2 i2`KBM�iBQM #v � QM2 �M/ irQ ?v/`Q;2M �iQKb Bb b?QrM
�i /Bz2`2Mi +?2KB+�H TQi2MiB�Hb Q7 ?v/`Q;2M µHX h?2 ahJ BK�;2b Q7 ;`�T?2M2 b?Qr i?�i
µH `2K�BMb #2HQr i?2 i?`2b?QH/ iQ ?v#`B/Bx2 rBi? i?2 #mHF i2``�+2 /m`BM; i?2 >@TH�bK�
i`2�iK2Mi UµH < −0.2 2oVX AM i?Bb `�M;2- i2`KBM�iBQM #v � bBM;H2 ?v/`Q;2M T2` 2/;2 �iQK
Bb KQbi bi�#H2 �++Q`/BM; iQ i?2 +�H+mH�iBQM Ui?Bb Bb �HbQ i?2 +�b2 7Q` �`K+?�B` �M/ +?B`�H
2/;2bVX h?mb- i?2 >@TH�bK� 2i+?BM; b22Kb iQ T`Q/m+2 bBM;H2 ?v/`Q;2M 2/;2 i2`KBM�iBQMbX

u�M; 2iX �H (k9) +QM}`K2/ i?�i i?2 T`272`2MiB�H 2i+?BM; BMbB/2 ;`�T?2M2 H�v2`b +�M
T`Q/m+2 ?2t�;QM�H M�MQTBib rBi? 2/;2b �HB;M2/ BM i?2 xB;x�; /B`2+iBQMb Q7 i?2 ;`�T?2M2
H�iiB+2X h?2 2i+?BM; `�i2 Bb bBKBH�` QM KmHiB@H�v2` ;`�T?2M2 �M/ ;`�T?Bi2- #mi Bi Bb BM@
+`2�b2/ QM KQMQH�v2` ;`�T?2M2 (k9- k8- kd)X 1i+?BM; K�v #2 7�bi2` QM bBM;H2 H�v2`b
#2+�mb2 Q7 �M BM+`2�b2/ `Qm;?M2bb i?�i +�M #2 BM/m+2/ BM ;`�T?2M2 #v i?2 bm#bi`�i2X
h?Bb rQmH/ T`QpB/2 � ?B;?2` /272+i /2MbBiv i?�i b2`p2 �b Mm+H2�iBQM TQBMib 7Q` M�MQTBi
;`Qri?X L2p2`i?2H2bb- QM #Qi? i?2 bBM;H2@�M/ KmHiB@H�v2` ;`�T?2M2 b�KTH2b �MBbQi`QTB+
bi2T@2/;2b r2`2 Q#i�BM2/- i?�i TQbb2b i?2 KQM�iQKB+ ?2B;?i Q7 � bBM;H2 ;`�T?2M2 H�v2`X

>Qr2p2`- i?2 bim/v #v :X .B�MFQp 2iX �H (ke) 7QmM/ i?�i i?2 b�K2 >@TH�bK� 2i+?BM;
+QM/BiBQMb i?�i 2i+? KmHiB@H�v2` ;`�T?2M2 �MBbQi`QTB+�HHv- +�M 2i+? bBM;H2@H�v2` ;`�T?2M2

jy
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This segment exhibits a small depression near the
middle of the outer row of edge atoms, while the
second row of edge atoms next to the depression
appears to be brighter than adjacent second row
atoms. The (2,1) chiral edge segment (Figure 2d) shows
a periodicmodulation in STM intensity along its length.
Comparison with a superimposed lattice structure (see
Supporting Information) shows that the periodic bright
spots are localized along zigzag-like fragments. A break
in the periodic pattern is observed in the middle of the
chiral edge, possibly due to the presence of a vacancy
defect. The armchair edge (Figure 2e), in contrast,
shows no edge enhancement in the STM intensity.
Instead, the armchair edge exhibits a pronounced
standing-wave feature with a periodicity of ∼0.4 nm
at the!0.97 V bias voltage used in our measurements.
Because the experiments were carried out at room

temperature (see theMethods section), thermal effects
limit our ability to perform highly resolved STM spec-
troscopy. Nevertheless, our STM images contain a
significant amount of information regarding GNR edge
electronic structure. In order to understand this infor-
mation, we must first determine the bonding arrange-
ment of hydrogen atoms at the GNR edges. Once we
know this bonding arrangement, we can then calculate
the GNR electronic local density of states and compare
it to the STM data to self-consistently confirm the
structural model and electronic behavior. Our strategy
for performing this procedure is to first calculate the
energetic stability of different edge structures and then
to use the thermodynamically favorable structures to
guide our first-principles electronic property calcula-
tions which are then compared to experiment.
We determined the thermodynamically most favor-

able structures by calculating the edge formation
energy of different hydrogen-bonded GNR edge struc-
tures in contact with a reservoir of hydrogen. Edge
carbon atoms were allowed to terminate with either
one (sp2 hybridization) or two (sp3 hybridization)
hydrogen atoms, and we restricted our considera-
tion only to structural terminations having the same

periodicity as the unterminated bare edge since such
symmetry is observed experimentally. Different hydro-
genated edge structures differ in their local chemical
composition, and thus their formation energies per
edge unit length depend on the chemical potential of
hydrogen, μH, according to15

G(μH) ¼
1
2a

EGNR ! NC

2
Egraphene ! NH

2
EH2 ! NHμH

! "

where a is the edgeperiodicity,NC andNH are thenumber
of carbon and hydrogen atoms per unit cell, and EGNR and
Egraphene are the total energies of themodel GNR and ideal
graphene per unit cell, respectively. The chemical poten-
tial, μH, here defined using the total energy EH2

of a H2

molecule as a reference, is a free parameter which
depends on particular experimental conditions. For this
reason, we analyzed a broad range of chemical potentials,
as shown in Figure 3. Structures having the lowest forma-
tion energies, G(μH), at a given μH are highlighted with
thick lines, and the corresponding structures are shown
belowwith theπ bonding network emphasized.We note
that more stable structures with long-range periodicity
can, in principle, be realized,16 but they are not observed
here since global thermodynamic equilibrium is not
achieved under the present experimental conditions.
For the zigzag edge (Figure 3a), two hydrogen con-

figurations are possible;either a “simple” sp2-bonded
hydrogen zigzag edge for μH < 0.33 eV or an sp3-
bonded edge with two hydrogen atoms per carbon
edge atom for μH > 0.33 eV (the latter results in the Klein
edge π bonding network topology17). The shaded
region in Figure 3 shows the condition for graphene
to transform into graphane18,19 with a full basal hydro-
genation of stoichiometry CH (μH >!0.2 eV). Since this
is not observed experimentally, meaning μH <!0.2 eV,
we are able to exclude the Klein edge scenario.We thus
conclude that the zigzag GNR is terminated with one
hydrogen atom per carbon edge atom.
The armchair edge (which has two carbon edge atoms

per unit cell) can, in principle, support three possible
hydrogen terminations. As shown in Figure 3b, however,

Figure 3. Thermodynamic stability of hydrogenated graphene edges calculated from first principles. Edge formation energy
per unit length (G) as a function of chemical potential of hydrogen (μH) calculated from first principles for various hydrogen
termination patterns for (a) a zigzag, (b) an armchair, and (c) a (2,1) chiral edge of a GNR. The structures for stable edge
terminations are sketched below. The sp2 carbon atom bonding networks are highlighted in color (matched to the energy
plot), while sp3 carbon atoms and terminating bonds are shown in black. The shaded areas denote the range of chemical
potentials μH for which graphane is more stable than graphene.
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6B;m`2 kXk8, U�V@U2V ahJ BK�;2b �i `QQK i2KT2`�im`2 Q7 M�MQ`B##QMb QM �mURRRV �7i2` >@
TH�bK� i`2�iK2MiX U+V@U2V �`2 ?B;?2` `2bQHmiBQM BK�;2b �i �`2�b BM/B+�i2/ BM U�VU#VX U7VU;V b?Qr
bBKmH�i2/ G.Pa 7`QK }`bi@T`BM+BTH2b +�H+mH�iBQMb QM i?2 2/;2 b?�T2b Q7 U+V@U2V- `2bT2+iBp2HvX
h?2 ahJ T�`�K2i2`b �`2 V = −0.97 o- I = yXy8 M�X UBV *�H+mH�i2/ ;`�T?2M2 xB;x�; 2/;2
7Q`K�iBQM 2M2`;v T2` mMBi H2M;i? p2`bmb +?2KB+�H TQi2MiB�H Q7 ?v/`Q;2M UµHV +�H+mH�i2/ 7`QK
}`bi T`BM+BTH2bX "Hm2f`2/ HBM2 K�`Fb i?2 `�M;2 r?2`2 i2`KBM�iBQM #v QM2firQ ?v/`Q;2M T2` 2/;2
�iQK Bb KQ`2 bi�#H2X AM i?2 b?�/2/ `�M;2 ;`�T?�M2 Bb KQ`2 bi�#H2 i?2M ;`�T?2M2X _2T`BMi2/
rBi? T2`KBbbBQM 7`QK w?�M; 2i �HX (kN)X *QTv`B;?i kyRj �K2`B+�M *?2KB+�H aQ+B2ivX

BbQi`QTB+�HHvX AM i?�i +�b2- `QmM/ ;`�T?2M2 M�MQTBib rBi? KBt2/ xB;x�; �M/ �`K+?�B`
2/;2b r2`2 +`2�i2/ QM iQT Q7 aBP2- BMbi2�/ Q7 ?2t�;QM�H M�MQTBibX h?2 `2�bQM i?�i
2i+?BM; Q++m`b /Bz2`2MiHv QM bBM;H2 �M/ KmHiB@H�v2` ;`�T?2M2 BM i?Bb bim/v Bb mM+H2�`X

h?2 rQ`F #v >m; 2i �HX (kd) �M/ i?�i #v J�ibmB 2i �HX (k3) BM/2T2M/2MiHv �M/ +QM+m`@
`2MiHv bim/B2/ i?2 T�`�K2i2` /2T2M/2M+B2b Q7 i?2 2i+?BM; T`Q+2bb �M/ `2�+?2/ +QMbBbi2Mi
+QM+HmbBQMbX h?2 H�ii2` bim/v r�b +QM/m+i2/ BM Qm` H�#Q`�iQ`v rBi? i?2 b�K2 2i+?BM;
i2+?MB[m2 mb2/ BM i?Bb rQ`F- i?mb Bi rBHH #2 /Bb+mbb2/ BM i?2 7QHHQrBM; +?�Ti2`X

jR



*?�Ti2` j

1tT2`BK2Mi�H

AM i?Bb rQ`F i?`22 /Bz2`2Mi ivT2b Q7 b�KTH2b r2`2 bim/B2/- M�K2Hv ;`�T?Bi2 U>PS:
�M/ EBb? ;`�T?Bi2V- 2TBi�tB�HHv ;`QrM KmHiB@H�v2` ;`�T?2M2 QM aB*UyyyRV U�##`2pB�i2/
�b ;`�T?2M2faB*UyyyRVV �M/ 2TBi�tB�HHv ;`QrM bBM;H2@�M/ #BH�v2` ;`�T?2M2 QM aB*UyyyRV
U�##`2pB�i2/ �b ;`�T?2M2faB*UyyyRVVX h?2 T`2T�`�iBQM Q7 i?2 b�KTH2b Bb /2b+`B#2/ BM
a2+iBQM jXRX �HH b�KTH2b r2`2 i`2�i2/ #v �MBbQi`QTB+ ?v/`Q;2M TH�bK� 2i+?BM; iQ +`2�i2
?2t�;QM�H M�MQTBib rBi? xB;x�; 2/;2b Q7 KQM�iQKB+ ?2B;?iX h?2 b�KTH2b r2`2 T`Q#2/
#v a+�MMBM; hmMM2HBM; JB+`Qb+QTv �M/ aT2+i`Qb+QTv UahJfahaV �i HQr i2KT2`�im`2bX
h?2 ahJfaha K2�bm`2K2Mi bvbi2K Bb /Bb+mbb2/ BM a2+iBQM jXkX

jXR >v/`Q;2M SH�bK� 1i+?BM;
jXRXR a�KTH2 T`2T�`�iBQM i2+?MB[m2

Flow meter 

Furnace 

Thermocouple Tmax 

Gas 
inlet 

Gas 
outlet 

Copper coil 

~ 40 cm 

Rotary 
pump 

H2 Sample (Kish/HOPG) / 
 Sample boat  

Matching box RF Power 
generator PRF Pressure gauge p H2 

Sample / Sample boat

P

~ 400 mm

WRF

6B;m`2 jXR, a+?2K�iB+ pB2r Q7 i?2 ?v/`Q;2M TH�bK� 2i+?BM; b2imT (k3- 3N- Ny)X

h?2 TH�bK� 2i+?BM; �TT�`�imb Bb b+?2K�iB+�HHv b?QrM BM 6B;X jXR (k3- 3N- Ny)X h?2
2i+?BM; Q++m`b BMbB/2 � [m�`ix im#2 rBi? �M BMM2` /B�K2i2` Q7 9k KK- �M Qmi2` /B�K2i2`
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Exposure time (t) dependence

position may increase, which promotes anisotropic etching and
elongates the glowing length.
In any case, to clarify the mechanism behind the T-driven

transitional change of the etching character we found, direct
measurements of the H-plasma components in the sample
region and theoretical investigations of roles of the temper-
ature and H-radical are highly desired.
Time Dependence. We studied the etching time depend-

ence as well. Parts a, b, c, d, and e of Figure 4 show STM

images of graphite surfaces etched for 20, 30, 40, 50, and 60
min, respectively, at T = 600 °C, P = 30 Pa, and WRF = 20 W.
S1 decreases linearly with increasing t as expected from a
constant etching rate, while S3 and S4 remain very small, even
when S1 ≈ 50% at t = 60 min (see Figure 4f) because the
defect formation is rather suppressed at this temperature.
Although Dmax data are widely scattered, there seems to exist

a finite time offset of the order of 10−15 min before the
nanopits start to grow (Figure 4g). Nanopits in the third layer
also start to appear after a longer time offset of 30−40 min.
The finite time offsets observed clearly in this inactive defect
formation condition can give some insights into the kinematics
of the surface defect formation. Recent molecular dynamics
simulations53−55 demonstrated that finite fluence is necessary
for H ions to be adsorbed, break C−C bonds, and dissociate C
atoms away on a graphene or graphite surface.
Plasma Power Dependence. Parts a, b, c, d, and e of

Figure 5 show STM images of graphite surfaces etched at
various WRF of 10, 15, 20, 25, and 50 W, respectively. Figure 5f
is a magnified image of the same surface as that for Figure 5e.
Other parameters are fixed at T = 600 °C and P = 110 Pa
except that t = 60 min for (a), (b), (e), (f) and 40 min for (c)

and (d). These parameters belong to the remote plasma mode.
As expected, when WRF increases from 10 to 25 W, the change
in the hexagonal nanopit formation is more or less the same as
the change caused by increasing t in Figure 4a−e. In this range,
S1 decreases and S2 and S3 increase monotonically with a finite
offset of 10−15 W as shown in the WRF dependence of Sn
(Figure 5g) and etching rate (Figure 5h) which is Dmax divided
by t. An interesting result was obtained at the highest RF
power (=50 W, Figure 5e,f). Here, the surface morphology
completely changes to many multilayer terraced nanopits with
irregularly shaped edges just like those in Figure 2a,b.
Again, we have checked a WRF dependence of lg when the

glow edge is located outside the furnace and found that when
WRF increases from 25 to 50 W, lg increases by 40−50 mm at T
= 600 °C and P = 40 Pa and at T = 23 °C and P = 14 Pa.
Although we do not know exactly what is happening inside the
furnace, it is reasonable to speculate that the observed change
in surface morphology is caused when the plasma glow edge
moves across the sample region with increasing WRF from 25
to 50 W.

Scanning Tunneling Spectroscopy of Zigzag Edge
State at Hexagonal Nanopit Edges. It is possible to judge
if the linear edges of hexagonal nanopits are zigzag or armchair
type by measuring relative angles (θ) between one of atomic
rows of the B-site carbon atoms, which are selectively visible

Figure 4. STM images of graphite surfaces etched by H-plasma for
different t of (a) 20, (b) 30, (c) 40, (d) 50, and (e) 60 min. The other
parameters are fixed at T = 600 °C, P = 110 Pa, and WRF = 20 W. (f)
Sn and (g) Dmax are plotted as functions of t. There seems to exist a
finite offset time of 10−15 min before the anisotropic etching starts to
proceed.

Figure 5. STM images of graphite surfaces etched by H-plasma
generated by different RF powers WRF of (a) 10, (b) 15, (c) 20, (d)
25, and (e, f) 50 W. The etching time t is (a, b, e, f) 60 min and (c, d)
40 min. The other etching parameters are kept at T = 600 °C and P =
110 Pa. (f) Magnified image of the same surface as that for (e). (e)
and (f) are represented in different contrasts from other STM images
to clarify the multilayer structure. (g) Sn and (h) etching rate are
plotted as functions of WRF. There seems to exist a finite offset power
of 10−15 W until the anisotropic etching starts. The etching nature
seems to be changed between 25 and 50 W from the anisotropic
lateral etching with reduced defect formation to the isotropic lateral
etching with active defect formation.
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As expected, when WRF increases from 10 to 25 W, the change
in the hexagonal nanopit formation is more or less the same as
the change caused by increasing t in Figure 4a−e. In this range,
S1 decreases and S2 and S3 increase monotonically with a finite
offset of 10−15 W as shown in the WRF dependence of Sn
(Figure 5g) and etching rate (Figure 5h) which is Dmax divided
by t. An interesting result was obtained at the highest RF
power (=50 W, Figure 5e,f). Here, the surface morphology
completely changes to many multilayer terraced nanopits with
irregularly shaped edges just like those in Figure 2a,b.
Again, we have checked a WRF dependence of lg when the

glow edge is located outside the furnace and found that when
WRF increases from 25 to 50 W, lg increases by 40−50 mm at T
= 600 °C and P = 40 Pa and at T = 23 °C and P = 14 Pa.
Although we do not know exactly what is happening inside the
furnace, it is reasonable to speculate that the observed change
in surface morphology is caused when the plasma glow edge
moves across the sample region with increasing WRF from 25
to 50 W.

Scanning Tunneling Spectroscopy of Zigzag Edge
State at Hexagonal Nanopit Edges. It is possible to judge
if the linear edges of hexagonal nanopits are zigzag or armchair
type by measuring relative angles (θ) between one of atomic
rows of the B-site carbon atoms, which are selectively visible

Figure 4. STM images of graphite surfaces etched by H-plasma for
different t of (a) 20, (b) 30, (c) 40, (d) 50, and (e) 60 min. The other
parameters are fixed at T = 600 °C, P = 110 Pa, and WRF = 20 W. (f)
Sn and (g) Dmax are plotted as functions of t. There seems to exist a
finite offset time of 10−15 min before the anisotropic etching starts to
proceed.

Figure 5. STM images of graphite surfaces etched by H-plasma
generated by different RF powers WRF of (a) 10, (b) 15, (c) 20, (d)
25, and (e, f) 50 W. The etching time t is (a, b, e, f) 60 min and (c, d)
40 min. The other etching parameters are kept at T = 600 °C and P =
110 Pa. (f) Magnified image of the same surface as that for (e). (e)
and (f) are represented in different contrasts from other STM images
to clarify the multilayer structure. (g) Sn and (h) etching rate are
plotted as functions of WRF. There seems to exist a finite offset power
of 10−15 W until the anisotropic etching starts. The etching nature
seems to be changed between 25 and 50 W from the anisotropic
lateral etching with reduced defect formation to the isotropic lateral
etching with active defect formation.
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measurements of the H-plasma components in the sample
region and theoretical investigations of roles of the temper-
ature and H-radical are highly desired.
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images of graphite surfaces etched for 20, 30, 40, 50, and 60
min, respectively, at T = 600 °C, P = 30 Pa, and WRF = 20 W.
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constant etching rate, while S3 and S4 remain very small, even
when S1 ≈ 50% at t = 60 min (see Figure 4f) because the
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also start to appear after a longer time offset of 30−40 min.
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for H ions to be adsorbed, break C−C bonds, and dissociate C
atoms away on a graphene or graphite surface.
Plasma Power Dependence. Parts a, b, c, d, and e of

Figure 5 show STM images of graphite surfaces etched at
various WRF of 10, 15, 20, 25, and 50 W, respectively. Figure 5f
is a magnified image of the same surface as that for Figure 5e.
Other parameters are fixed at T = 600 °C and P = 110 Pa
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and (d). These parameters belong to the remote plasma mode.
As expected, when WRF increases from 10 to 25 W, the change
in the hexagonal nanopit formation is more or less the same as
the change caused by increasing t in Figure 4a−e. In this range,
S1 decreases and S2 and S3 increase monotonically with a finite
offset of 10−15 W as shown in the WRF dependence of Sn
(Figure 5g) and etching rate (Figure 5h) which is Dmax divided
by t. An interesting result was obtained at the highest RF
power (=50 W, Figure 5e,f). Here, the surface morphology
completely changes to many multilayer terraced nanopits with
irregularly shaped edges just like those in Figure 2a,b.
Again, we have checked a WRF dependence of lg when the
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WRF increases from 25 to 50 W, lg increases by 40−50 mm at T
= 600 °C and P = 40 Pa and at T = 23 °C and P = 14 Pa.
Although we do not know exactly what is happening inside the
furnace, it is reasonable to speculate that the observed change
in surface morphology is caused when the plasma glow edge
moves across the sample region with increasing WRF from 25
to 50 W.

Scanning Tunneling Spectroscopy of Zigzag Edge
State at Hexagonal Nanopit Edges. It is possible to judge
if the linear edges of hexagonal nanopits are zigzag or armchair
type by measuring relative angles (θ) between one of atomic
rows of the B-site carbon atoms, which are selectively visible

Figure 4. STM images of graphite surfaces etched by H-plasma for
different t of (a) 20, (b) 30, (c) 40, (d) 50, and (e) 60 min. The other
parameters are fixed at T = 600 °C, P = 110 Pa, and WRF = 20 W. (f)
Sn and (g) Dmax are plotted as functions of t. There seems to exist a
finite offset time of 10−15 min before the anisotropic etching starts to
proceed.

Figure 5. STM images of graphite surfaces etched by H-plasma
generated by different RF powers WRF of (a) 10, (b) 15, (c) 20, (d)
25, and (e, f) 50 W. The etching time t is (a, b, e, f) 60 min and (c, d)
40 min. The other etching parameters are kept at T = 600 °C and P =
110 Pa. (f) Magnified image of the same surface as that for (e). (e)
and (f) are represented in different contrasts from other STM images
to clarify the multilayer structure. (g) Sn and (h) etching rate are
plotted as functions of WRF. There seems to exist a finite offset power
of 10−15 W until the anisotropic etching starts. The etching nature
seems to be changed between 25 and 50 W from the anisotropic
lateral etching with reduced defect formation to the isotropic lateral
etching with active defect formation.
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6B;m`2 jXk, U�V@U2V ahJ BK�;2b Q7 ;`�T?Bi2 bm`7�+2b 2i+?2/ #v >@TH�bK� rBi? /Bz2`2Mi 2i+?BM;
iBK2b �M/ P = 30 S�- T = eyy ◦*- �M/ WRF = ky qX U7V �`2�H 7`�+iBQM Q7 i?2 iQT H�v2` US1V-
i?2 b2+QM/ US2V- �M/ i?B`/ H�v2` US3V #2HQr i?�i �7i2` 2i+?BM; rBi? /Bz2`2Mi t- 2ti`�+i2/ 7`QK
ahJ BK�;2bX U;V J�tBKmK ?2t�;QM�H M�MQTBi /B�K2i2` UDmaxV �7i2` 2i+?BM; 7Q` /Bz2`2Mi tX
_2T`BMi2/ rBi? T2`KBbbBQM 7`QK hX J�ibmB- 2i �HX- h?2 CQm`M�H Q7 S?vbB+�H *?2KBbi`v * Rkj-
kkee8 UkyRNVX *QTv`B;?i UkyRNV �K2`B+�M *?2KB+�H aQ+B2iv (k3)X

h?2 2i+?BM; `2bmHib QM i?2 bm`7�+2 Q7 ;`�T?Bi2 �7i2` /Bz2`2Mi 2tTQbm`2 iBK2b t �`2
b?QrM BM 6B;X jXk (k3)X �i i?2 +?Qb2M T�`�K2i2`b ?2t�;QM�H �`2 7Q`K2/X h?2B` /2MbBiv
�M/ bBx2 r�b 2p�Hm�i2/ 7`QK i?2 �`2�H 7`�+iBQM Q7 i?2 b2+QM/ �M/ i?B`/ iQT H�v2`b US2

�M/ S3V- r?B+? �`2 2tTQb2/ #v M�MQTBib BM i?2 mTT2` H�v2`- b?QrM BM U7VX 6m`i?2`KQ`2-
i?2B` bBx2 r�b 2p�Hm�i2/ #v i?2 K�tBKmK M�MQTBi /B�K2i2` UDmaxV- r?B+? Bb b?QrM �7i2`
/Bz2`2Mi t BM U;VX �i b?Q`i2` 2i+?BM; iBK2b- Dmax BM+`2�b2b rBi? tX >Qr2p2`- 7Q` HQM;2`
2i+?BM; iBK2b Bi +�M #2 `2/m+2/- B7 bm{+B2MiHv H�`;2 M�MQTBib +QKTH2i2Hv `2KQp2 i?2 iQT
H�v2`X h?mb- Dmax +�M #2 2tT2+i2/ iQ MQi BM+`2�b2 bB;MB}+�MiHv �7i2` � +2`i�BM tX 6Q`
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BM i?2 i?B`/ H�v2` �TT2�`X h?Bb iBK2 /2H�v /m`BM; 2i+?BM; Bb bm;;2biBp2 Q7 i?2 M�MQTBi
7Q`K�iBQM K2+?�MBbKX Ai K�v bmTTQ`i i?2 `2bmHib Q7 KQH2+mH�` /vM�KB+b bBKmH�iBQMb (N8Ĝ
Nd) i?�i bm;;2bi i?�i 2ti2M/2/ 2tTQbm`2 iQ >@BQMb Bb M2+2bb�`v #27Q`2 +Qp�H2Mi *@#QM/b
�`2 #`QF2MX

crystallographic direction is also randomly oriented with
respect to the honeycomb lattice of graphite.
We analyzed these STM images quantitatively by evaluating

relative terrace areas of different layers. The results are shown
in Figure 2k and Figure 2l where Sn is an areal fraction of the
nth layer from the top and Dmax is the diameter, for irregularly
shaped nanopits, or the diagonal length, for hexagonal ones, of
the largest nanopit. In cases where hexagonal nanopits
substantially overlap, Dmax was estimated from the length of
one of six sides of the hexagon, assuming its regular shape.
Here, 0.22, 3.8, 12, 5.0, 17, 20, and 5 μm2 areas were surveyed
for samples treated at P = 13, 60, 110, 150, 190, 350, and 590
Pa, respectively. In these figures, it is clear that the etching
nature changes from irregular to anisotropic with increasing
pressure within a narrow range between 60 and 110 Pa. This
agrees very well with the result by Hug et al.41 who observed a
similar change of etching character between 40 and 70 Pa and
attributed it to the direct/remote plasma mode change.
We have checked the applicability of the direct/remote

plasma scenario to the present data. With our experimental
setup, when the plasma glow edge is located inside the furnace,
it is not possible to measure a distance (lg) between the glow
edge and the end of the RF coil along the quartz tube. Thus, lg
in this regime was estimated from the known relation,

∝l P1/g ,41 whose proportionality constant was determined

by measuring P and lg when the glow edge is located outside the
furnace on the downstream side. The estimation shows that lg
reaches the sample position (ls = 0.36 m) when P ≥ 60 Pa,
which is consistent with the direct/remote scenario.
The glowing region should roughly represent the spatial

extension of H-ions such as H1
+, H2

+, and H3
+. The lifetime of

the H-ions shortens with increasing gas pressure because of
more frequent collisions, resulting in a shorter lg. On the other
hand, H-radicals created by ionization and recombination
processes survive beyond the glowing region. Therefore, one
can expect that the plasma species responsible for the defect
creation and the isotropic etching (anisotropic etching) in the
direct (remote) regime is H-ions (H-radicals).41 According to
the measurement of H-plasma components as a function of
pressure,48,49 H3

+ seems to be the main contributor over the
other H-ions.
It should be noted, however, that there is a quantitative

difference between our result and the previous one by Hug et
al.41 We found a large nanopit size distribution even in the
remote plasma regime at P ≥ 110 Pa suggesting that the
defect-creation is active over a wide P range, while they
reported only hexagonal nanopits of uniform size suggesting
that the nanopits grow only from preexisting defects. This
difference may come from a slightly larger oxygen contam-
ination in our gas flow system because oxygen is known to be
strongly active in creating surface defects on graphite.50

Figure 2. STM images of graphite surfaces etched by H-plasma at different P of (a, b) 13, (c) 60, (d) 110, (e) 150, (f) 190, (g) 350, and (h) 590
Pa. The other parameters are fixed at T = 500 °C, t = 40 min, and WRF = 20 W. (b) Magnified image of the region indicated by the square in (a).
(a) and (b) are represented in different contrasts from other STM images to clarify the multilayer structure. (i) Cross-sectional profile along the
solid line in (b) and (j) relation between the terrace height and the step number showing that the nanopit steps are of monolayer height. Note that
the heights of the linear steps in (g) and (h) are much larger, i.e., 10 and 4 layers height, respectively. (k) Sn and (l) Dmax are plotted as a functions
of P. It is clear that the etching character changes rapidly between 13 and 60 Pa from irregular to anisotropic as P increases, which is consistent with
the observation in ref 41. However, in our case, the size distribution of the nanopits is much wider and Dmax is much larger.
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H2 Pressure (P) dependence

6B;m`2 jXj, ahJ BK�;2b Q7 ;`�T?Bi2 bm`7�+2b 2i+?2/ #v >@TH�bK� �i i?2 BM/B+�i2/ P �M/
T = 8yy ◦*- t = 9y KBM- �M/ WRF = ky qX U#V Bb � K�;MB}2/ BK�;2 Q7 i?2 `2;BQM BM/B+�i2/ #v
i?2 b[m�`2 BM U�VX UBV *`Qbb b2+iBQM�H T`Q}H2 �HQM; i?2 bQHB/ HBM2 BM U#V- �M/ UDV `2H�iBQM #2ir22M
i?2 i2``�+2 ?2B;?i �M/ i?2 bi2T MmK#2` b?QrBM; i?�i i?2 M�MQTBi bi2Tb �`2 Q7 KQMQH�v2` ?2B;?iX
U7V �`2�H 7`�+iBQM Q7 i?2 iQT H�v2` US1V- i?2 b2+QM/- i?B`/- Q` HQr2` H�v2` #2HQr i?�i US2- S3-
Sn≤4V �7i2` 2i+?BM; rBi? /Bz2`2Mi P - 2ti`�+i2/ 7`QK ahJ BK�;2bX U;V J�tBKmK ?2t�;QM�H
M�MQTBi /B�K2i2` UDmaxV �7i2` 2i+?BM; 7Q` /Bz2`2Mi P X _2T`BMi2/ rBi? T2`KBbbBQM 7`QK hX
J�ibmB- 2i �HX- h?2 CQm`M�H Q7 S?vbB+�H *?2KBbi`v * Rkj- kkee8 UkyRNVX *QTv`B;?i UkyRNV
�K2`B+�M *?2KB+�H aQ+B2iv (k3)X

6B;m`2 jXj b?Qrb ahJ `2bmHib Q7 2i+?2/ ;`�T?Bi2 bm`7�+2b rBi? T`Q;`2bbBp2Hv BM+`2�b2/
2i+?BM; T`2bbm`2 P 7`QK Rj iQ 8Ny S� (k3)X "v BM+`2�bBM; P i?2 2i+?BM; M�im`2 +?�M;2b
7`QK B``2;mH�` BbQi`QTB+ iQ �MBbQi`QTB+ 2i+?BM; �M/ i?2 MmK#2` Q7 M�MQTBib /2+`2�b2bX
h?mb- �i HQr2` T`2bbm`2b `QmM/ +`�i2`b �+`Qbb K�Mv ;`�T?2M2 H�v2`b �`2 +`2�i2/ U�VU#VX
h?2 HBM2 T`Q}H2 �+`Qbb � +`�i2` +`2�i2/ #v HQr P - b?QrM BM UBV- biBHH b?Qrb i?2 bi2T@2/;2b
/m2 iQ i?2 ;`�T?2M2 H�v2`bX UDV b?Qrb i?2 ?2B;?i /Bz2`2M+2 Q7 i?2 bi2T@2/;2b 2tTQb2/ #v

j8
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i?2 2i+?BM;- r?B+? ?�p2 �M �p2`�;2 ?2B;?i Q7 0.369± 0.003 MK- i?mb i?2v �`2 KQM�iQKB+
H�v2`bX h?2 ahJ ?2B;?i Bb +�HB#`�i2/ 7`QK i?2 FMQrM ?2B;?i Q7 M�im`�HHv 2tBbiBM; ;`�T?Bi2
bi2T 2/;2bX 6B;m`2b UFV �M/ UHV b?Qr i?2 �`2�H 7`�+iBQMb Q7 /Bz2`2Mi H�v2` �M/ i?2 Dmax-
`2bT2+iBp2Hv- bBKBH�` �b BM 6B;X jXkX �i HQr P - i?2 }`bi H�v2` /Q2b �HKQbi MQi �TT2�`- #mi
#v BM+`2�bBM; P #2vQM/ �#Qmi ey S� 2i+?BM; rBi?BM � bBM;H2 H�v2` #2+QK2b /QKBM�Mi-
i?mb i?2 7`�+iBQM Q7 ?B;?2` H�v2`b BM+`2�b2b �b r2HHX 6m`i?2`KQ`2- i?2 M�MQTBi b?�T2
#2+QK2b KQ`2 ?2t�;QM�H- i?mb Dmax Q7 i?2 ?2t�;QM�H M�MQTBib BM+`2�b2b 7`QK �#Qmi
y MK �i Rj S� BM U�VU#V iQ � K�tBKmK Q7 �#Qmi eyy MK �i j8y S� BM U;VX �i i?2 b�K2
iBK2- i?2 /2MbBiv Q7 M�MQTBib /2+`2�b2b- r?B+? `2bmHib BM � /2+`2�b2 Q7 i?2 �`2�H 7`�+iBQMb
Q7 HQr2` i2``�+2b b22M BM UFVX h?2 /2+`2�b2/ /2MbBiv BM/B+�i2b i?�i M�MQTBib �`2 7Q`K2/
H2bb 7`2[m2MiHvX h?2 M�MQTBib i?�i �`2 Q#b2`p2/ �`2 HBF2Hv +`2�i2/ 7`QK i?2 H2�bi bi�#H2
;`�T?2M2 bBi2b- bm+? �b BMBiB�H /272+ibX h?2 BM+`2�b2 Q7 Dmax Bb HBF2Hv � +QMb2[m2M+2 Q7
i?2 `2/m+2/ M�MQTBi 7Q`K�iBQMX h?Bb Bb #2+�mb2 i?2 M�MQTBib �`2 7Q`K2/ �i 2bT2+B�HHv
mMbi�#H2 ;`�T?2M2 bBi2b �`2 HBF2Hv +`2�i2/ M2�` i?2 #2;BMMBM; Q7 i?2 2i+?BM; T`Q+2bb-
i?mb BM+`2�bBM; i?2 �p2`�;2 ;`Qri? iBK2X JQ`2Qp2`- i?2 /2+`2�b2/ /2MbBiv `2/m+2b i?2
Qp2`H�TTBM; i?�i rQmH/ Q#b+m`2 H�`;2 M�MQTBib �i HQr2` P rBi? ?B;?2` M�MQTBi /2MbBiB2bX
�i ?B;?2` P i?2 M�MQTBi 7Q`K�iBQM /Q2b MQi �TT2�` iQ Q++m`- 7Q` 2t�KTH2 MQ M�MQTBib
�`2 Q#b2`p2/ BM U?V- r?B+? r�b 2i+?2/ �i P = 590 S�X "Qi? i?2 bim/v BM Qm` H�#Q`�iQ`v
�M/ i?2 QM2 #v >m; 2i �HX (kd) 7QmM/ +QMbBbi2Mi `2bmHib Q7 i?2 2i+?BM; /2T2M/2M+2 QM
P X h?2 2i+?BM; T`Q+2bb2b �i /Bz2`2Mi P �`2 +QMbBbi2Mi rBi? � KQ/2H Q7 � Ǵ;HQrǴ �M/ �
Ǵ`2KQi2Ǵ TH�bK� KQ/2 (kd- k3)X h?2 ;HQr KQ/2- r?B+? BM+Hm/2b i?2 ;HQrBM; `2;BQM Q7
i?2 TH�bK�- `Qm;?Hv `2T`2b2Mib i?2 bT�iB�H 2ti2MbBQM Q7 i?2 /Bz2`2Mi >@BQMb BMbB/2 i?2
TH�bK�X AMbB/2 i?2 ;HQr KQ/2 i?2 ?B;?@2M2`;v >@BQMb +`2�i2 /272+ib QM i?2 ;`�T?2M2
bm`7�+2X �i P = Rj S�- i?2 b�KTH2 Bb r2HH BMbB/2 i?2 ;HQr KQ/2- i?mb BbQi`QTB+ +`�i2`b
�`2 7Q`K2/ i?�i 2ti2M/ iQ /22T2` H�v2`b i?�M Bb 7QmM/ �i ?B;?2` P X "v BM+`2�bBM; P Q7
i?2 TH�bK� i?2 ;HQr KQ/2 `2;BQM b?`BMFb- #2+�mb2 KQ`2 7`2[m2Mi +QHHBbBQMb `2/m+2 i?2
HB72 iBK2 Q7 i?2 >@BQMb- �M/ i?2 b�KTH2 Bb 2tTQb2/ iQ � HQr2` +QM+2Mi`�iBQM Q7 >@BQMbX
PmibB/2 i?2 ;HQr KQ/2- BM i?2 `2KQi2 KQ/2- HQr2`@2M2`;v >@`�/B+�Hb �`2 T`2b2Mi- r?B+?
�`2 `2bTQMbB#H2 7Q` i?2 �MBbQi`QTB+ ;`Qri? �i /272+ib BM i?2 #mHF i2``�+2X >Qr2p2`- BM
i?Bb KQ/2 M2r /272+ib- i?�i +�M �+i �b Mm+H2B 7Q` M�MQTBi ;`Qri?- �`2 MQi HBF2Hv iQ #2
7Q`K2/- i?mb MQ M�MQTBib �TT2�`2/ BM i?2 ahJ BK�;2 Q7 ;`�T?Bi2 2i+?2/ �i P = 8Ny S�
UBM U?VV (k3)X �i BMi2`K2/B�i2 T`2bbm`2b Ui?2 `2bmHib Q7 P = ey iQ j8y S� �`2 b?QrM
BM U+V@U;VV #Qi? i?2 �MBbQi`QTB+ 2i+?BM; K2+?�MBbK Q7 i?2 ;HQr KQ/2 �M/ i?2 BbQi`QTB+
K2+?�MBbK Q7 i?2 `2KQi2 KQ/2 �`2 �i rQ`FX h?mb- BM i?Bb P `�M;2 ?2t�;QM�H M�MQTBib
�`2 7Q`K2/- r?Qb2 MmK#2` �M/ bBx2 +�M #2 +QMi`QHH2/ #v �/DmbiBM; P X

h?2 M�MQTBi ;`Qri? /2T2M/b QM i?2 2i+?BM; i2KT2`�im`2 T �b r2HHX h?2 `2bmHib rBi?
T�`�K2i2`b P = RRy S�- t = 9y KBM- WRF = ky q �`2 b?QrM BM 6B;X jX9 (k3)X h?2 ahJ
BK�;2b BM U�V@U7V `2p2�H i?�i M�MQTBib �`2 +`2�i2/ 7Q` T > kyy ◦*X L�MQTBi 7Q`K�iBQM Bb
bmTT`2bb2/ �i HQr T T`2bmK�#Hv #2+�mb2 i?2 i?2`K�H 2M2`;v Bb BMbm{+B2Mi 7Q` 2i+?BM;
`2�+iBQMb iQ Q++m`X h?2 M�MQTBib i?�i �TT2�` �i jyy ◦* BM U#V �`2 `QmM/- #mi i?2B` b?�T2
#2+QK2b KQ`2 ?2t�;QM�H �i 9yy ◦* BM U+VX 6Q` �M BM+`2�b2/ T �i 8yy ◦*- b?QrM BM U/V- i?2
bm`7�+2 Bb /`�biB+�HHv +?�M;2/X h?2 BM@TH�M2 2i+?BM; Bb Tm`2Hv �MBbQi`QTB+ �M/ 7Q`Kb 72r2`
H�`;2 ?2t�;QM�H M�MQTBibX "v BM+`2�bBM; T 7m`i?2` i?2 bBx2 Q7 i?2 ?2t�;QM�H M�MQTBib
#2+QK2b bK�HH2`- �b b22M BM U2VU7VX �i ?B;?2` T i?2 2i+?BM; K�v #2 bmTT`2bb2/ /m2 iQ
/2bQ`TiBQM Q7 > 7`QK i?2 bm`7�+2 #27Q`2 2i+?BM; +�M Q++m` (N3)- Q` /m2 iQ i?2 BMbi�#BHBiv
Q7 i?2 T`2bmK2/ T`Q/m+i Q7 i?2 2i+?BM;, *>4 (3d- NN)X h?2 �`B�H 7`�+iBQM Q7 i?2 /Bz2`2Mi

je
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Temperature Dependence. Next, we examined the
temperature dependence of the H-plasma etching with fixed
parameters of P = 110 Pa, t = 40 min, and WRF = 20 W.
Surprisingly, we found an abrupt change of the etching
character within a narrow temperature range between 450 and
500 °C, as will be described below. Parts a−f of Figure 3 show
STM images of graphite surfaces etched at different T from
200 to 700 °C. Here, the number of surface steps remains less
than three layers at any T, since the etching conditions belong
to the remote plasma regime in which heavy etching like
Figure 2a never occurs.
At T = 200 °C, only few small nanopits with Dmax ≈ 40 nm

are created as shown in Figure 3a. At T = 300 °C, many small
nanopits with rather round shape (Dmax ≈ 110 nm) are created
(Figure 3b). At 400 (Figure 3c) and 450 °C (not shown), the
size distribution becomes wider and the shape becomes more
hexagonal. Dmax is less than 150 nm here. On the other hand, at
500 °C (Figure 3d), the situation changes drastically where
fewer large hexagonal nanopits are found (Dmax ≈ 300 or 600
nm, depending on the measurement series as described
below). Thus, the etching character changes drastically from
isotropic (or random) to anisotropic (or hexagonal) in such a
narrow T-range between 450 and 500 °C. As T increases
further to 600 °C, the shape of the nanopits is still hexagonal
but the size decreases (Figure 3e). At T = 700 °C, only tiny
hexagonal nanopits (Dmax ≈ 50 nm) are found at a very low
density at the surface layer (Figure 3f).
The lateral etching efficiency regardless of the anisotropy has

a continuous dome-shaped T-dependence sketched by the
dashed line in Figure 3g without showing any abrupt change in
the relative ratio S1:S2:S3 (≈30%:55%:15%). Nevertheless, as
shown in Figure 3h, Dmax jumps by a factor of 2−3 across the
transition temperature between 450 and 500 °C due to the
change in the etching nature. Apparently, the defect formation
is severely suppressed at T ≥ 500 °C, while it is active at lower
T.

Previous researchers39,40 reported similar dome-shaped T-
dependences of the etching rate but no characteristic change in
the nanopit shape (see the dashed line in Figure 3h). In
general, etching reactions are expected to be suppressed at
sufficiently low T because of the lack of thermal energy. They
will also be suppressed at sufficiently high T either due to the
instability of CH4,

51 which is expected to be the final product
of the reaction,52 or due to thermal desorption of H before
etching the surface.53 These are probable reasons for such a T
dependence.
We checked the reproducibility of the sharp transition at Tc

by carrying out an independent series of measurements (series
II) after the first series (I). As seen in Figure 3h, the two data
sets agree with each other in terms of the abrupt jump in Dmax
at the same Tc. However, Dmax values at T > Tc are 2 times
larger in series I than series II. Also, in series II, S3 and S4 are
larger than in series I where no S4 is seen. The defect creation
rate in series II seems to be slightly enhanced. One possible
explanation for this is a change of oxygen contamination in the
gas flow system. To take the data shown in Figure 3g and
Figure 3h, we surveyed a 10−30 μm2 surface area for each
condition.
In order to test the applicability of the direct/remote

mechanism to the T-driven mechanism found here, we have
examined if lg changes by varying temperature. The glow edge
location was again visually observed outside the furnace on the
downstream side at P = 13 Pa and WRF = 20 W. Eventually, we
found that lg changes but in the opposite direction to that
expected from the model at first glance. Specifically, lg increases
by 30 mm with increasing T from 300 to 600 °C. Thus, some
unknown mechanism may control anisotropic etching
independently from the direct/remote one. However, this
cannot explain why Hug et al.41 found the anisotropic etching
even at T (=400 °C) ≤ Tc. Alternatively, increasing T may
affect the composition of the H-species in the sample region.
For example, the fraction of H-radicals near the sample

Figure 3. STM images of graphite surfaces etched by H-plasma at different T of (a) 200, (b) 300, (c) 400, (d) 500, (e) 600, and (f) 700 °C. The
other etching parameters are fixed at P = 110 Pa, t = 40 min, andWRF = 20 W. (g) Sn and (h) Dmax are plotted as a function of T. The dashed line in
(h) is the result by Yang et al.39 obtained with 30 Pa, 40 min, and 20 W. Etching characteristics drastically change between 450 and 500 °C from
the more isotropic lateral etching with active defect formation to the anisotropic lateral etching with reduced defect formation.
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Temperature (T) dependence

6B;m`2 jX9, ahJ BK�;2b Q7 ;`�T?Bi2 bm`7�+2b 2i+?2/ #v >@TH�bK� �i i?2 BM/B+�i2/ T �M/
P = RRy S�- t = 9y KBM- �M/ WRF = ky qX U;V �`2�H 7`�+iBQM Q7 i?2 iQT H�v2` US1V- i?2 b2+QM/-
i?B`/- HQr2` H�v2`b #2HQr i?�i US2- S3- Sn≤4V �7i2` 2i+?BM; rBi? /Bz2`2Mi T - 2ti`�+i2/ 7`QK
ahJ BK�;2bX U?V J�tBKmK ?2t�;QM�H M�MQTBi /B�K2i2` UDmaxV- BM+Hm/BM; `2bmHib #v u�M; 2i
�HX (k9)- �7i2` 2i+?BM; 7Q` /Bz2`2Mi T X _2T`BMi2/ rBi? T2`KBbbBQM 7`QK hX J�ibmB- 2i �HX- h?2
CQm`M�H Q7 S?vbB+�H *?2KBbi`v * Rkj- kkee8 UkyRNVX *QTv`B;?i UkyRNV �K2`B+�M *?2KB+�H
aQ+B2iv (k3)X

H�v2`b BM U;V BM/B+�i2 i?�i /22T2` H�v2`b �`2 2tTQb2/ i?2 KQbi 7Q` T ≈ 450 − 500 ◦*X
h?Bb Bb �HbQ `2~2+i2/ BM U?V- r?B+? b?Qrb i?�i Dmax Bb H�`;2bi �i � bBKBH�` `�M;2 Q7 T -
?Qr2p2` i?2 Dmax Q#i�BM2/ BM Qm` H�#Q`�iQ`v b?Qr2/ � bm//2M i`�MbBiBQM #v � 7�+iQ`
Q7 k@j BM #2ir22M T ≈ 450 �M/ 500 ◦*X h?Bb i`�MbBiBQM Q++m`b QMHv BM Dmax �M/ Bb MQi
`2~2+i2/ BM i?2 �`B�H 7`�+iBQMb Q7 i?2 b2+QM/ H�v2` S2 BM U;VX h?mb- i?2 iQi�H 2i+?2/ bm`7�+2
b22Kb iQ +?�M;2 `2H�iBp2Hv bKQQi?Hv rBi? T - /2bTBi2 i?2 Q#b2`p2/ i`�MbBiBQM�H DmKT Q7
DmaxX h?Bb BM/B+�i2b � bi`QM; bmTT`2bbBQM BM i?2 7Q`K�iBQM Q7 M2r M�MQTBib Q++m``BM;
#2ir22M T = 98y �M/ 8yy◦*- 7Q` `2�bQMb i?�i r2`2 /Bb+mbb2/ BM i?2 T`2pBQmb T�`�;`�T?X
AM T`2pBQmb bim/B2b- bm+? �b `27X (k9) b?QrM BM U?V- bm+? � i`�MbBiBQM Q7 Dmax r�b MQi
Q#b2`p2/X

hQ BM+`2�b2 i?2 /2MbBiv Q7 M�MQTBib Bi Bb TQbbB#H2 iQ }`bi +`2�i2 /272+ib pB� �M BbQi`QTB+
2i+?BM; T`Q+2bbX h?Bb +�M #2 /QM2- 7Q` 2t�KTH2- #v >@TH�bK� 2i+?BM; �i HQr2` P iQ
2i+? ;`�T?2M2 BM i?2 TH�bK� ;HQr KQ/2- Q` #v P@TH�bK� 2i+?BM;- r?B+? �HbQ 2i+?2b
�MBbQi`QTB+�HHvX "Qi? Q7 i?2b2 K2i?Q/b r2`2 mb2/ QM +2`i�BM ;`�T?Bi2 b�KTH2b #27Q`2 i?2
�MBbQi`QTB+ >@TH�bK� 2i+?BM; U/2i�BHb �`2 b?QrM BM i�#H2 jXRVX AM _27X (k3)- bm++2bbBp2
HQr P UGS- Rj S�V �M/ KB//H2 P UJS- RNy S�V 2i+?BM; i`B�Hb r2`2 BMp2biB;�i2/ #v ahJ-
�6J �M/ _�K�M bT2+i`Qb+QTvX _�K�M bT2+i`Qb+QTv K2�bm`2b i?2 BM2H�biB+ b+�ii2`BM;
Q7 � KQMQ+?`QK�iB+ HB;?i bQm`+2- r?B+? �HHQrb i?2 /2i2`KBM�iBQM Q7 pB#`�iBQM�H KQ/2b
Q7 /Bz2`2Mi KQH2+mH2bX :`�T?2M2 ?�b b2p2`�H KQ/2b i?�i 72�im`2 �b +?�`�+i2`BbiB+ T2�Fb
BM i?2 _�K�M bT2+i`mKX h?2 bQ@+�HH2/ i?2 . #�M/ T2�F �i � r�p2H2M;i? Q7 �#Qmi
Rj8y +K−1 QMHv �TT2�`b B7 i?2`2 Bb BMi2`�+iBQM #2ir22M i?2 2H2+i`QMB+ bi�i2b Q7 i?2 irQ
;`�T?2M2 bm#H�iiB+2b- i?mb Bi Bb Q#b2`p2/ B7 i?2`2 �`2 �`K+?�B` 2/;2b- Q` H�iiB+2 /BbQ`/2`-

jd



jXk a+�MMBM; hmMM2HBM; JB+`Qb+QTv �M/ aT2+i`Qb+QTv

Ry

alSSP_hAL: AL6P_J�hAPL

_�K�M aT2+i`Qb+QTv Q7 JmHiBH�v2` :`�T?2M2 1i+?2/
#v >@SH�bK�

_�K�M bT2+i`Qb+QTv K2�bm`2K2Mib r2`2 +�``B2/ Qmi
iQ +`Qbb@+?2+F i?2 +QM+HmbBQM /`�rM 7`QK i?2 aha K2�@
bm`2K2MibX q2 M22/ iQ mb2 bm{+B2MiHv i?BM b�KTH2b UH2bb
i?�M Ry H�v2`bV Qi?2`rBb2 bm`7�+2 BM7Q`K�iBQM +�M 2�b@
BHv #2 K�bF2/ #v #mHF BM7Q`K�iBQM bBM+2 _�K�M bT2+@
i`Qb+QTv /2i2+ib KQH2+mH�` pB#`�iBQMb rBi?BM � 72r µK
/2Ti? 7`QK i?2 bm`7�+2X am+? KmHiBH�v2` ;`�T?2M2 b�K@
TH2b r2`2 T`2T�`2/ #v 2t7QHB�iBM; ;`�T?Bi2 QM � bBHB+QM
r�72` r?B+? ?�b � k38 MK i?B+F SiO2 iQTH�v2`X

6B;m`2 aR� Bb �M QTiB+�H KB+`Qb+QT2 BK�;2 Q7 bm+? �
KmHiBH�v2` ;`�T?2M2 ~�F2 Ua�KTH2 �V Q#i�BM2/ #v >@
TH�bK� 2i+?BM; mM/2` � HQr >2 T`2bbm`2 Q7 Rj S� �i
T = 600 ◦C �M/ WRF = 20 q 7Q` R8 KBM- ?2`2�7i2`
i?2 GS 2i+?BM;X GS 2i+?BM; +`2�i2b KmHiB@H�v2` i2``�+2/
M�MQTBib rBi? ?B;? /2MbBiB2b Ub22 a2+iBQM AA�VX 6B;m`2 aR#
Bb �M �6J BK�;2 Q7 i?2 `2;BQM BM/B+�i2/ #v i?2 #H�+F
b[m�`2 �M/ �``Qr BM 6B;m`2 aR�X h?2 K�tBKmK i?B+FM2bb
Q7 i?Bb `2;BQM Bb d H�v2`b Q` kX8 MKX h?2 ?2�pBHv 2i+?2/
bm`7�+2 Bb p2`v +HQb2 iQ i?2 ;`�T?Bi2 bm`7�+2 2i+?2/ mM/2`
bBKBH�` +QM/BiBQMb Ub22 6B;m`2 R�VX

"v �TTHvBM; bm++2bbBp2 >@TH�bK� 2i+?BM; �i � KB//H2
T`2bbm`2 Q7 190 Pa �i T = 600 ◦C �M/ WRF = 20 q-
?2`2�7i2` i?2 JS 2i+?BM;- 7QHHQrBM; i?2 GS 2i+?BM;- r2
r2`2 �#H2 iQ bKQQi?2M i?2 `Qm;? bm`7�+2 iQ � ~�i QM2
rBi? 72r H�`;2 ?2t�;QM�H M�MQTBib Q7 KQMQH�v2` /2Ti?X
6B;m`2 aR+ Bb �M QTiB+�H KB+`Qb+QT2 BK�;2 Q7 � b�KTH2
Q#i�BM2/ #v JS 2i+?BM; 7Q` jy KBMX 7QHHQrBM; GS QM2
7Q` R8 KBMX Ua�KTH2 "VX h?2 K�tBKmK i?B+FM2bb ?2`2
Bb 3 H�v2`b Q` kXd MKX 6B;m`2 aR/ Bb �M �6J BK�;2 Q7
i?2 `2;BQM BM/B+�i2/ BM U+V- r?2`2 H�`;2 �M/ r2HH b?�T2/
?2t�;QM�H M�MQTBib �`2 +`2�i2/ �b 2tT2+i2/X Ai Bb BMi2`@
2biBM; iQ MQi2 i?�i i?2 M�MQTBi bBx2 Bb `�i?2` mMB7Q`K ?2`2
+QKT�`2/ iQ i?�i BM ;`�T?Bi2 U6B;m`2 R7VX

6B;m`2 aR2 b?Qrb _�K�M bT2+i`� Q#i�BM2/ �i i?2 b�K2
`2;BQMb r?2`2 i?2 �6J BK�;2b r2`2 i�F2M 7Q` a�KTH2
� �M/ "X *H2�`Hv- � bB;MB}+�Mi . #�M/ T2�F �TT2�`b BM
a�KTH2 � BM/B+�iBM; �M B``2;mH�` 2/;2 bi`m+im`2 Ui?2 #Hm2
/Qib �M/ HBM2 BM i?2 };m`2VX h?2 . #�M/ T2�F Q`B;BM�i2b
7`QK BMi2`p�HH2v b+�ii2`BM; �i B``2;mH�`Hv b?�T2/ 2/;2b-
BM+Hm/BM; �`K+?�B` 2/;2b (eR- ek)X PM i?2 Qi?2` ?�M/-
BM a�KTH2 "- Bi �HKQbi /Bb�TT2�`b BM/B+�iBM; ?B;?@Tm`Biv
xB;x�; 2/;2b �`QmM/ i?2 ?2t�;QM�H M�MQTBib `2+Qp2`2/ #v
i?2 bm++2bbBp2 JS 2i+?BM; Ui?2 `2/ /Qib �M/ HBM2V- 2p2M
i?Qm;? i?2`2 biBHH `2K�BM K�Mv 2/;2bX h?Bb bmTTQ`ib i?2

+QM+HmbBQM /`�rM 7`QK i?2 aha K2�bm`2K2MibX "v i�F@
BM; � KQ`2 /2i�BH2/ HQQF- Bi +�M #2 b22M i?�i i?2 . #�M/
T2�F BMi2MbBiv /Q2b MQi `2im`M 2t�+iHv iQ i?2 #�+F;`QmM/
BMi2MbBiv- T`2bmK�#Hv /m2 iQ `2KM�Mi B``2;mH�`BiB2b Q7 i?2
2/;2bX

h?2 T`2b2Mi _�K�M `2bmHib �`2 2bb2MiB�HHv i?2 b�K2 �b
i?Qb2 Q#i�BM2/ #v i?2 H�v2`@#v@H�v2` i?BMMBM; i2+?MB[m2
/2p2HQT2/ #v u�M; 2i �HX (ej) r?2`2 � KBH/ Qtv;2M
TH�bK� 2i+?BM; �i `QQK i2KT2`�im`2 r�b 2KTHQv2/
BMbi2�/ Q7 i?2 GS >@TH�bK� 2i+?BM; mb2/ ?2`2X
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6A:X aRX U�V PTiB+�H KB+`Qb+QT2 BK�;2 Q7 � KmHiBH�v2`
;`�T?2M2 ~�F2 Ua�KTH2 �V 2i+?2/ #v >@TH�bK� �i T = 600 ◦C-
P = 13 S�- t = 15 KBM- �M/ WRF = 20 q UGS 2i+?BM;VX
U#V �6J BK�;2 Q7 i?2 `2;BQM BM/B+�i2/ #v i?2 b[m�`2 �M/
�``Qr BM U�VX U+V PTiB+�H KB+`Qb+QT2 BK�;2 Q7 � KmHiBH�v2`
;`�T?2M2 ~�F2 Ua�KTH2 "V 2i+?2/ �i T = 600 ◦C- P = 190 S�-
t = 30 KBM- �M/ WRF = 20 q UJS ��2i+?BM;V �7i2` GS 2i+?@
BM;X U/V �6J BK�;2 Q7 i?2 `2;BQM BM/B+�i2/ #v i?2 b[m�`2
�M/ �``Qr BM U+VX U2V _�K�M bT2+i`� 7Q` a�KTH2 � U#Hm2, `2@
;BQM U#VV- a�KTH2 " U`2/, `2;BQM U/VV- �M/ �M �b@2t7QHB�i2/
;`�T?Bi2 ~�F2 U#H�+FVX AMb2i, J�;MB}+�iBQM Q7 i?2 bT2+i`�
�`QmM/ i?2 . #�M/ T2�FX �HH i?2 b�KTH2b r2`2 2t7QHB�i2/ QM
aBP2faB bm#bi`�i2bX

6B;m`2 jX8, _�K�M bT2+i`Qb+QTv QM KmHiBH�v2` ;`�T?2M2 ~�F2b QM aBP2 i?�i �`2, T`BbiBM2-
2i+?2/ #v >@TH�bK� GS 2i+?BM;- 2i+?2/ #v GS �M/ i?2M JS 2i+?BM;X GS 2i+?BM; T�`�K2i2`b
�`2 T = eyy◦*- WRF = ky q- �M/ 7Q` GS, P = Rj S�- t = R8 KBM- 7Q` JS, P = RNy S�-
t = jy KBMX h?2 BMb2i Bb � K�;MB}+�iBQM Q7 i?2 bT2+i`� �`QmM/ i?2 . #�M/ T2�FX _2T`BMi2/
rBi? T2`KBbbBQM 7`QK hX J�ibmB- 2i �HX- h?2 CQm`M�H Q7 S?vbB+�H *?2KBbi`v * Rkj- kkee8 UkyRNVX
*QTv`B;?i UkyRNV �K2`B+�M *?2KB+�H aQ+B2iv (k3)X

#mi Bi Bb MQi Q#b2`p2/ �i xB;x�; 2/;2bX h?2`27Q`2- i?2 . T2�F BM/B+�i2b BbQi`QTB+ 2i+?BM;-
Bib �#b2M+2 �MBbQi`QTB+ 2i+?BM;X aBM+2 _�K�M bT2+i`Qb+QTv +�M BM+Hm/2 H�`;2` �`2�b i?�M
ahJ BM � K2�bm`2K2Mi- Bi Bb � mb27mH iQQH iQ 2p�Hm�i2 r?2i?2` � ?B;? +QM+2Mi`�iBQM
Q7 xB;x�; 2/;2b Bb T`2b2M+2 QM � ;`�T?2M2 Q` ;`�T?Bi2 bm`7�+2 �7i2` 2i+?BM;X 6B;m`2
jX8 b?Qrb _�K�M bT2+i`� QM irQ 72r@H�v2` ;`�T?2M2 ~�F2b- i?�i r2`2 2t7QHB�i2/ QMiQ
aBP2 �M/ 2i+?2/ #v >@TH�bK� �i GS �M/ bm++2bbBp2Hv �i GS �M/ JS- `2bT2+iBp2Hv (k3)X
h?2 . #�M/ T2�F �TT2�`b �7i2` GS 2i+?BM;- bBM+2 i?2 BbQi`QTB+ M�MQTBib BM+Hm/2 K�Mv
�`K+?�B` 2/;2 b2;K2MibX �7i2` GSYJS 2i+?BM;- i?2 . T2�F Bb bB;MB}+�MiHv `2/m+2/X
h?Bb +QM}`Kb i?�i i?2 �MBbQi`QTB+ JS 2i+?BM; `2KQp2b KQbi �`K+?�B` 2/;2b bQ i?�i i?2
bm`7�+2 Bb /QKBM�i2/ #v xB;x�; 2/;2bX ahJ BK�;2b QM ;`�T?Bi2 �7i2` GSYJS 2i+?BM;
+QM}`Kb i?�i i?2 /2MbBiv Q7 ?2t�;QM�H M�MQTBib Bb BM+`2�b2/ +QKT�`2/ iQ bBKTH2 JS
2i+?BM; (Ny)X

jXk a+�MMBM; hmMM2HBM; JB+`Qb+QTv �M/ aT2+i`Qb+QTv

V

STM tip

Sample
I

6B;m`2 jXe, a+?2K�iB+ Q7 � ahJ iBT �M/ b�KTH2 #2ir22M r?B+? � #B�b pQHi�;2 V Bb �TTHB2/ �M/
� imMM2HBM; +m``2Mi I ~QrbX

h?2 b�KTH2b BM i?Bb rQ`F �`2 bim/B2/ #v a+�MMBM; hmMM2HBM; JB+`Qb+QTv UahJV �M/

j3



jXk a+�MMBM; hmMM2HBM; JB+`Qb+QTv �M/ aT2+i`Qb+QTv

#v a+�MMBM; hmMM2HBM; aT2+i`Qb+QTv UahaVX hQ BMp2biB;�i2 i?2 bT�iB�H /2T2M/2M+2 Q7
2H2+i`QMB+ T`QT2`iB2b �i i?2 b�KTH2 bm`7�+2 +QK#BM2/ b+�MMBM; imMM2HBM; KB+`Qb+QTv �M/
bT2+i`Qb+QTv K2�bm`2K2Mib �`2 mb2/ UahJfahaVX "v ahJfaha- #Qi? BM7Q`K�iBQM Q7
i?2 b�KTH2 iQTQ;`�T?v �M/ Bib G.Pa +�M #2 Q#i�BM2/X h?Bb Bb /QM2 #v �TTHvBM; i?2
pQHi�;2 V �M/ +QMi`QHHBM; i?2 iBT ?2B;?i r?BH2 K2�bm`BM; i?2 imMM2HBM; +m``2Mi I #2ir22M
i?2 ahJ iBT �M/ b�KTH2 Ub22 6B;X jXeVX I /2T2M/b QM i?2 2H2+i`QMB+ bi�i2b QM i?2 iBT �M/
b�KTH2 �i 2M2`;B2b #2ir22M i?2 62`KB 2M2`;v �M/ e×V �M/ QM i?2 imMM2HBM; T`Q#�#BHBiv
#2ir22M i?2 irQX h?mb- Bi Bb T`QTQ`iBQM�H iQ i?2 BMi2;`�H Q7 ρtip × ρsample iBK2b i?2 iBT@
b�KTH2 i`�MbBiBQM T`Q#�#BHBiv T - r?B+? BM im`M Bb T`QTQ`iBQM�H iQ i?2 iBT@b�KTH2 /Bbi�M+2
L Ub22 2[X jXRVX

I ∝
∫ ∞

−∞
[ftip(E)− fsample(E + eV )] · ρsample(E + eV ) · ρtip(E) · T (L) dE UjXRV

h?mb- B7 i?2 2H2+i`QMB+ bi�i2b QM i?2 iBT �M/ b�KTH2 �M/ i?2 i`�MbBiBQM T`Q#�#BHBiv
Uρtip- ρsample- �M/ T (L)V �`2 `2H�iBp2Hv +QMbi�Mi- i?2M I Bb QMHv b2MbBiBp2 iQ L �M/ Bi
Bb TQbbB#H2 iQ K2�bm`2 b�KTH2 ?2B;?i rBi? bm#@�M;bi`QK T`2+BbBQMX h?Bb �HHQrb ahJ
K2�bm`2K2Mib Q7 i?2 b�KTH2 iQTQ;`�T?vX 6m`i?2`KQ`2- B7 L Bb F2Ti +QMbi�Mi �M/ i?2 iBT
Bb +?Qb2M bQ i?�i ρtip `2K�BMb +QMbi�Mi rBi?BM i?2 �TTHB2/ V - i?2M b�KTH2 G.Pa ρsample

#2+QK2b T`QTQ`iBQM�H iQ i?2 /2`Bp�iBp2 Q7 I rBi? `2bT2+i iQ i?2 pQHi�;2,

dI

dV
∝ ρsample(E) UjXkV

"v p�`vBM; V �i � +QMbi�Mi L �M/ K2�bm`BM; I i?2 /Bz2`2MiB�H +m``2Mi /If/V Bb
Q#i�BM2/- r?B+? +�M #2 mb2/ iQ K2�bm`2 i?2 G.Pa Q7 i?2 b�KTH2X h?Bb �HHQrb imMM2H@
BM; bT2+i`Qb+QTv K2�bm`2K2Mib iQ T`Q#2 i?2 2H2+i`QMB+ T`QT2`iB2b Q7 i?2 b�KTH2 bm`7�+2X
"27Q`2 2�+? K2�bm`2K2Mi �i QM2 TQbBiBQM- L Bb /2i2`KBM2/ #v b2iiBM; � +2`i�BM I �i �M
�TTHB2/ V X h?Bb Bb /QM2 #27Q`2 2�+? TQBMi K2�bm`2K2Mi- #2+�mb2 L ;`�/m�HHv /`B7ib �M/
i?2 b�KTH2 ?2B;?i Bib2H7 +�M p�`v �i /Bz2`2Mi TQbBiBQMbX 6`QK i?2 I@V /�i� i?2 ;`�/B2Mi
+�M #2 MmK2`B+�HHv 2ti`�+i2/ iQ vB2H/ /If/V X >Qr2p2`- � ?B;?2` 2M2`;v `2bQHmiBQM +�M
Q7i2M #2 Q#i�BM2/ rBi? � bQ@+�HH2/ �* K2i?Q/- r?B+? Bb mb2/ 7Q` i?2 imMM2HBM; bT2+@
i`Qb+QTv K2�bm`2K2Mib BM i?Bb rQ`FX /If/V Bb K2�bm`2/ /m`BM; � bi2T@rBb2 V br22T
�+`Qbb i?2 K2�bm`2K2Mi pQHi�;2 `�M;2 r?BH2 �TTHvBM; � KQ/B}+�iBQM pQHi�;2 Vmod rBi?
7`2[m2M+v fmod = 1.2343 F>xX q?2M � bi2T Q7 V Bb `2�+?2/ �M/ � /2H�v iBK2 ?�b T�bb2/-
i?2M i?2 I Bb K2�bm`2/ 7Q` � +2`i�BM �+[mBbBiBQM iBK2 #v � HQ+F@QM K2i?Q/ i?�i /2i2+ib
bB;M�Hb rBi? i?2 b�K2 7`2[m2M+v �b fmodX �7i2` i?2 /2H�v iBK2 �M/ �+[mBbBiBQM iBK2 ?�p2
T�bb2/ V Bb br2Ti iQ i?2 M2ti T`2/2i2`KBM2/ bi2TX h?2 K2�bm`2/ /Bz2`2M+2 Q7 I �i i?2
QTTQbBi2 �KTHBim/2b Q7 � `2H�iBp2Hv bK�HH Vmod Bb mb2/ iQ HBM2�`Hv �TT`QtBK�i2 /If/V �b
∆IfVmod �i /Bz2`2Mi p�Hm2b Q7 V X h?2 p�Hm2 Q7 Vmod Bb mbm�HHv +?Qb2M bQ i?�i i?2 HBM2�`
�TT`QtBK�iBQMb Q7 /If/V +Qp2` i?2 r?QH2 br22TBM; `�M;2 Q7 V X "v +?QQbBM; � bm{+B2MiHv
bK�HH Vmod- i?2 2M2`;v `2bQHmiBQM Bb K�BMHv HBKBi2/ #v i?2`K�H MQBb2 U�i T = 78 E, ≈ 6.7
Ko- �i T = 4 E, ≈ 3.4 KoVX aha K2�bm`2K2Mib- BM+Hm/BM; #Qi? b�KTH2 ?2B;?i �M/
/If/V - mbm�HHv BM+Hm/2 KmHiBTH2 K2�bm`2K2Mib �HQM; HBM2b i?�i �`2 2Bi?2` �i B/2MiB+�H
TQbBiBQMb Q` `2KQp2/ 7`QK 2�+? 2i?2` #v bK�HH BMi2`p�HbX hQ `2/m+2 `�M/QK MQBb2- Q7i2M
i?2 /�i� Q7 +QMb2+miBp2 b+�Mb �`2 �p2`�;2/X >Qr2p2`- 2bT2+B�HHv 7Q` aha �i T = 78 E-
i?2 i?2`K�H /`B7i Bb bm{+B2Mi iQ ;`�/m�HHv b?B7i i?2 s@u TQbBiBQM Q7 i?2 ahJ iBT `2H�iBp2
iQ i?2 b�KTH2 #2ir22M K2�bm`2K2Mi HBM2b /m`BM; i?2 /�i� �+[mBbBiBQM iBK2X hQ +Q``2+i
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jXk a+�MMBM; hmMM2HBM; JB+`Qb+QTv �M/ aT2+i`Qb+QTv

i?2 2``Q` /m2 iQ H�i2`�H /`B7i i?2 TQbBiBQM +QQ`/BM�i2b �`2 b?B7i2/ r?2M M2+2bb�`v- �M/
�M �p2`�;2 Q7 i?2 b?B7i2/ ?2B;?i �M/ /If/V p�Hm2b r�b +�H+mH�i2/ Ub22 �TT2M/Bt �VXh?2
ahJfaha /�i� Bb �M�Hvx2/ mbBM; Q`B;BM�H T`Q;`�Kb- �b r2HH �b i?2 7`22@iQ@mb2 bQ7ir�`2
qatJ (Ryy)X

AM i?Bb rQ`F- � ahJ ?2�/ K�Mm7�+im`2/ #v lLAaPE *QX- Gi/X r�b QT2`�i2/ #v �
+QKK2`+B�H +QMi`QHH2` UKQ/2H aJSRyy- _>E h2+?MQHQ;v- AM+XV �i `QQK i2KT2`�im`2
�M/ �iKQbT?2`B+ +QM/BiBQMb U_h@ahJVX � /Bz2`2Mi K�+?BM2 r�b mb2/ iQ i�F2 ahJfaha
K2�bm`2K2Mib �i HQr2` i2KT2`�im`2b U60 KE ≤ T ≤ d3 EVX h?2b2 r2`2 i�F2M #v �
?QK2@K�/2 mHi`�@HQr i2KT2`�im`2 KmHiB@7mM+iBQM�H b+�MMBM; T`Q#2 KB+`Qb+QT2 UlGh@
aSJV (RyR)X h?2 +QQHBM; bvbi2K Bb #�b2/ QM � j>2@9>2 /BHmiBQM `27`B;2`�iQ` UE2HpBMQt@
Ryy- Pt7Q`/ AMbi`mK2MibVX h?2 aSJ ?2�/ r�b �HbQ bT2+B�HHv K�Mm7�+im`2/ #v lLAaPE
*PX-Gh.X �M/ r�b QT2`�i2/ #v � +QKK2`+B�H +QMi`QHH2` UoJ1 qQ`Fbi�iBQM 7`QK PJA@
*_PL o�FmmKT?vbBF :K#> rBi? bQ7ir�`2 a*�G�VX h?Bb bvbi2K Q`B;BM�HHv mb2/ i?2
ahJ ?2�/- r?B+? Bb +m``2MiHv mb2/ BM i?2 _h@ahJ- �M/ r�b /2b+`B#2/ BM _27X (RyR)X
LQr- i?2 ahJ ?2�/ r�b 2t+?�M;2/ rBi? i?2 aSJ ?2�/X h?2 mT;`�/2 Q7 i?2 lGh@ahJ
iQ � lGh@aSJ bvbi2K r�b /2b+`B#2/ BM _27X (Ryk)X h?2 lGh@aSJ r�b mb2/ 7Q` K2�bm`2@
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ver !Ag0.85Si0.15" rather than copper or copper-based alloys to
prevent large nuclear-spin heat capacities in high magnetic
fields at very low temperatures. These silver-based alloys
have better mechanical strength compared to pure metals and
proper thermal conductivity.21 On the other hand, a sample
stage, sample holder, and tip holder are made of high-purity
copper for better thermalization and moderate mechanical
strength. They are thermally linked to the mixing chamber
!MC" of DR through annealed silver foils and wires !see next
section".

The coarse approach of tip towards sample surface
!Z-coarse approach" is obtained by the stick and slip motion
with piezoactuators. Two of the actuators hold an inner ce-
ramic tube, which contains a single-tube piezoscanner, on
three sides of the triangular cross section. The speed of
Z-coarse approach is 60 !m/s with an application of pulses
of ±150 V at 0.5 kHz at temperatures below 4 K.

The tip holder is fixed to one end of the piezoscanner
with an M3 screw. The maximum XY scan area of the scan-
ner is 1.5"1.5 !m2 below 4 K, while 4.5"4.5 !m2 at
room temperature. The sample holder is also screwed into
the sample stage with M12. Samples are glued onto the
sample holder with silver epoxy. For thermometry, a RuO2

chip resistor is attached to the sidewall of sample stage.

C. Thermal contacts and isolations

The UHV space for the STM head is separated from the
vacuum space for DR. Therefore, the inner vacuum can
!IVC" is made of thin-wall stainless-steel tubes !0.5 mm
thick" and welded bellows !0.12 mm thick" to reduce heat
conduction from one end at 4 K to another at the base tem-
perature !see Fig. 2". The STM head is rigidly supported
from the bottom of the IVC and thermally connected to the
MC with three support rods made of copper !8 mm in diam-
eter and 168 mm in length". The STM head is surrounded by
a copper radiation shield with a demountable bottom cap
which is thermally anchored to the MC.

FIG. 1. Overview of the ULT-STM. The thick arrows denote the loading
path of samples and tips.

FIG. 2. Central part of the cryostat. The STM head is located in the UHV
space separated from the vacuum space for DR !light gray region".

FIG. 3. Photo !left" and cross-sectional drawing !right" of the STM head.
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prevent large nuclear-spin heat capacities in high magnetic
fields at very low temperatures. These silver-based alloys
have better mechanical strength compared to pure metals and
proper thermal conductivity.21 On the other hand, a sample
stage, sample holder, and tip holder are made of high-purity
copper for better thermalization and moderate mechanical
strength. They are thermally linked to the mixing chamber
!MC" of DR through annealed silver foils and wires !see next
section".

The coarse approach of tip towards sample surface
!Z-coarse approach" is obtained by the stick and slip motion
with piezoactuators. Two of the actuators hold an inner ce-
ramic tube, which contains a single-tube piezoscanner, on
three sides of the triangular cross section. The speed of
Z-coarse approach is 60 !m/s with an application of pulses
of ±150 V at 0.5 kHz at temperatures below 4 K.

The tip holder is fixed to one end of the piezoscanner
with an M3 screw. The maximum XY scan area of the scan-
ner is 1.5"1.5 !m2 below 4 K, while 4.5"4.5 !m2 at
room temperature. The sample holder is also screwed into
the sample stage with M12. Samples are glued onto the
sample holder with silver epoxy. For thermometry, a RuO2

chip resistor is attached to the sidewall of sample stage.

C. Thermal contacts and isolations

The UHV space for the STM head is separated from the
vacuum space for DR. Therefore, the inner vacuum can
!IVC" is made of thin-wall stainless-steel tubes !0.5 mm
thick" and welded bellows !0.12 mm thick" to reduce heat
conduction from one end at 4 K to another at the base tem-
perature !see Fig. 2". The STM head is rigidly supported
from the bottom of the IVC and thermally connected to the
MC with three support rods made of copper !8 mm in diam-
eter and 168 mm in length". The STM head is surrounded by
a copper radiation shield with a demountable bottom cap
which is thermally anchored to the MC.

FIG. 1. Overview of the ULT-STM. The thick arrows denote the loading
path of samples and tips.

FIG. 2. Central part of the cryostat. The STM head is located in the UHV
space separated from the vacuum space for DR !light gray region".

FIG. 3. Photo !left" and cross-sectional drawing !right" of the STM head.
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6B;m`2 jXd, .B�;`�Kb Q7 i?2 lGh@aSJ bvbi2K U7Q`K2`Hv � ahJ ?2�/ r�b BMbi�HH2/- �b b?QrM
?2`2- r?B+? ?�b #22M `2TH�+2/ #v � KmHiB@7mM+iBQM�H aSJ ?2�/VX U�V 2tT2`BK2Mi�H +?�K#2`-
/BHmiBQM `27`B;2`�iQ` �M/ #�i? �`2 b?QrMX U#V � rB/2` `2;BQM Bb b?QrM- BM+Hm/BM; �HH 7Qm` l>o
+?�K#2`b �M/ i?2 T�`i b?QrM BM U�VX 6B;m`2b r2`2 Tm#HBb?2/ BM _27X (RyR)X

K2Mib #2HQr `QQK i2KT2`�im`2b- BM+Hm/BM; �HH aha K2�bm`2K2Mib BM i?Bb rQ`FX ahJ
iBTb K�/2 Q7 q �M/ SiA` r2`2 mb2/ �M/ MQ /Bz2`2M+2 #2ir22M i?2 `2bmHib Q#i�BM2/ #v i?2
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jXk a+�MMBM; hmMM2HBM; JB+`Qb+QTv �M/ aT2+i`Qb+QTv

/Bz2`2Mi K�i2`B�Hb r�b 7QmM/X h?2 aSJ ?2�/ Bb /2bB;M2/ iQ i�F2 ahJfaha- �6J �M/
i`�MbTQ`i K2�bm`2K2MibX >Qr2p2`- BM i?Bb rQ`F QMHv ahJfaha +�T�#BHBiB2b �`2 mb2/-
2t+2Ti i?�i i?2 i`�MbTQ`i +�T�#BHBiv r�b mb2/ iQ bQ7i �MM2�H i?2 2TBi�tB�H ;`�T?2M2 QM
aB* b�KTH2b BM p�+mmK pB� � imM;bi2M }H�K2Mi BMbi�HH2/ QM i?2 b�KTH2 ?QH/2` #2HQr
i?2 b�KTH2X h?2 lGh@aSJ bvbi2K Bb b+?2K�iB+�HHv b?QrM BM 6B;X jXdX Ai Bb /2bB;M2/ iQ
i�F2 K2�bm`2K2Mib mM/2` i?`22 2ti`2K2 +QM/BiBQMb bBKmHi�M2QmbHv, BM mHi`�@?B;? p�+mmK
Ul>o- P < 10−8 S�V- �i mHi`�@HQr i2KT2`�im`2b UlGh- T ≥ 60 KEV- �M/ BM ?B;? K�;@
M2iB+ }2H/b UB ≤ 13 hVX Ai BM+Hm/2b 7Qm` p�+mmK +?�K#2`b i?�i �`2 b?QrM BM 6B;X jXdU�V-
#2ir22M r?B+? b�KTH2b �M/ ahJ iBTb +�M #2 i`�Mb72``2/ BM b2[m2M+2 i?`Qm;? ;�i2 p�Hp2b
pB� i`�Mb72` `Q/b Ub22 i?2 K�;2Mi� �``Qrb BM 6B;X jXdU#VVX h?2 GQ�/ HQ+F +?�K#2` Bb mb2/
iQ BMb2`i �M/ 2ti`�+i b�KTH2b �M/ ahJ iBTb BMiQ i?2 p�+mmKX L2ti- i?2v �`2 i`�Mb72``2/
BMiQ i?2 K�BM +?�K#2`- BM r?B+? i?2 2TBi�tB�H b�KTH2b r2`2 �MM2�H2/ pB� � i`�MbTQ`i
bi�;2 i?�i mb2b H2�/b QM i?2 b�KTH2 ?QH/2`bX �7i2` i`�Mb72` BMiQ i?2 S`2+QQHBM; +?�K#2`-
r?2`2 BM i?Bb rQ`F b�KTH2b �M/ iBTb r2`2 T`2@+QQH2/ #v HB[mB/ LBi`Q;2M- i?2v �`2 i`�Mb@
72``2/ BMiQ i?2 1tT2`BK2Mi�H +?�K#2` iQ i?2 aSJ ?2�/X �b b?QrM BM 6B;X jXd- ~2tB#H2
r2H/2/ #2HHQrb �`2 mb2/ iQ +QMM2+i i?2 _h �M/ lGh T�`ib- i?2`2#v `2/m+BM; i?2 i?2`K�H
+QM/m+iBQMX "v i�FBM; aha K2�bm`2K2Mib Qp2` HQM;2` iBK2b �i HQr2` i2KT2`�im`2b i?2
/`B7i Q7 i?2 ahJ iBT TQbBiBQM /m`BM; i?2 K2�bm`2K2Mi Bb `2/m+2/X J�;M2iB+ }2H/b +�M
#2 �TTHB2/ pB� i?2 bmT2`+QM/m+iBM; K�;M2i bm``QmM/BM; i?2 aSJ ?2�/ BM i?2 #�i?X
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*?�Ti2` e

_2bmHib QM >@TH�bK� 1i+?2/
:`�T?2M2faB*UyyyRV

PM ;`�T?2M2faB*UyyyRV- mMT�bbBp�i2/ aB #QM/b QM i?2 bm#bi`�i2 bm`7�+2 BMi2`�+i bi`QM;Hv
rBi? 2TBi�tB�H H�v2`b �M/ bi`QM;Hv KQ/B7vBM; i?2B` 2H2+i`QMB+ T`QT2`iB2bX h?mb- i?2 2/;2
bi�i2b +�M #2 2tT2+i2/ iQ #2 +?�M;2/- �M/ i?2 bim/v Q7 i?2K QM i?Bb b�KTH2 K�v vB2H/ M2r
BMbB;?ibX h?2 KQMQH�v2` ;`�T?2M2faB*UyyyRV b�KTH2 7�#`B+�iBQM �M/ ?v/`Q;2M TH�bK�
U>@TH�bK�V 2i+?BM; Bb 2tTH�BM2/ BM a2+iBQM eXRX �7i2` 2i+?BM;- i?2 b�KTH2 r�b T`Q#2/
pB� ahJfahaX AM �//BiBQM iQ i?2 2tT2+i2/ M�MQTBib- 2H2p�i2/ i2``�+2b r2`2 +`2�i2/ �b
r2HHX J2�bm`2K2Mib Q7 i?2b2 2H2p�i2/ i2``�+2b �`2 /Bb+mbb2/ BM a2+iBQM eXkX _2bmHib Q7
i?2 M�MQTBib 7Q`K2/ #v i?2 2i+?BM; �`2 /Bb+mbb2/ BM a2+iBQM eXjX a2+iBQM eX9 bmKK�`Bx2/
*?�Ti2` eX

eXR a�KTH2 S`2T�`�iBQM
h?2 bBM;H2@H�v2` ;`�T?2M2 b�KTH2 Ub�KTH2 A. RkydRy@k@RV r�b 2TBi�tB�HHv ;`QrM QM 9>@
aB*UyyyRV #v >X >B#BMQ �i Lhh H�#Q`�iQ`B2bX .Bz2`2Mi 7`QK ;`�T?2M2 ;`QrM QM i?2
*@7�+2- QM i?2 aB@7�+2 i?2 }`bi H�v2` Q7 *@�iQKb Bb T�`iHv #QM/2/ iQ i?2 bm#bi`�i2- T`Q@
/m+BM; i?2 bQ@+�HH2/ #mz2` H�v2`X 6m`i?2`KQ`2- KQ`2 2p2M H�v2` ;`Qri? �M/ MQ `Qi�@
iBQM�H /272+ib #2ir22M 2TBi�tB�H ;`�T?2M2 H�v2`b Bb Q#i�BM2/X h?2 MmK#2` Q7 H�v2`b r�b
+?2+F2/ #v �iQKB+ 7Q`+2 KB+`Qb+QTv BK�;2 T?�b2 +QMi`�bi #v >X >B#BMQ �b r2HHX "2@
7Q`2 >@TH�bK� 2i+?BM;- r2 T`Q#2/ i?2 b�KTH2 #v ahJX hQ `2KQp2 �/bQ`#�i2b #27Q`2
ahJ K2�bm`2K2Mib- i?2 b�KTH2 r�b ?2�i2/ BM l>o #v � q@}H�K2Mi �i < 600◦* 7Q`
8 KBM QM i?2 ahJ b�KTH2 ?QH/2`X � (6 × 6) H�iiB+2 r�b Q#b2`p2/ i?�i Bb 2tT2+i2/
7Q` ;`�T?2M2faB*UyyyRV (8y)X �//BiBQM�HHv- � 72r /22T +`2pB+2b rBi? b2p2`�H i2Mb Q7 MK
H2M;i? r2`2 Q#b2`p2/X h?2 b�KTH2 r�b 2i+?2/ 7Q` Ry KBM mbBM; i?2 T�`�K2i2`b QTiB@
KBx2/ 7Q` +`2�iBM; xB;x�; 2/;2b QM ;`�T?Bi2 UT = 600◦*- PH = 110 S�- WRF = 20 qV
i?2 2i+?BM; T�`�K2i2`b �`2 B/2MiB+�H iQ i?Qb2 mb2/ 7Q` i?2 2TBi�tB�H *@7�+2 b�KTH2 :RkRj
U�HH T�`�K2i2`b �`2 b?QrM BM h�#H2 jXRVX
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eXk 1H2p�i2/ h2``�+2b QM i?2 1i+?2/ a�KTH2
�7i2` 2i+?BM;- ahJ BK�;2b i�F2M �i T = 78 E `2p2�H2/ i?�i i?2 b�KTH2 bm`7�+2 r�b bB;@
MB}+�MiHv KQ/B}2/X L�MQTBib Q7 KQM�iQKB+ /2Ti? r2`2 +`2�i2/X h?2b2 �`2 T�`iHv ?2t�;@
QM�H M�MQTBib- BM+Hm/BM; bQK2 r2HH@/2}M2/ ?2t�;QM�H b?�T2b �HB;M2/ BM xB;x�; /B`2+iBQMb-
�b r2HH �b KBt2/ xB;x�; �M/ �`K+?�B` 2/;2b- �b BM i?2 +�b2 Q7 2i+?BM; ;`�T?2M2faB*UyyyRV
rBi? i?2 b�K2 T�`�K2i2`bX 6m`i?2`KQ`2- 2H2p�i2/- bKQQi? i2``�+2b rBi? B``2;mH�` #QmM/@
�`B2b- rBi? � ?2B;?i Q7 0.12 ± 0.03 MK- i?�i Bb H2bb i?�M i?�i Q7 � ;`�T?2M2 H�v2`- r2`2
Q#i�BM2/ QM KQ`2 i?�M ?�H7 Q7 i?2 b�KTH2 bm`7�+2X 6B;m`2 eXR b?Qrb � ahJ BK�;2 Q7 �M
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6B;m`2 eXR, U�V ahJ BK�;2 Q7 ;`�T?2M2faB*UyyyRV �i T = 78 E Ub�KTH2 RkydRy@k@RVX U#V
>2B;?i T`Q}H2 �HQM; i?2 ;`22M HBM2 BM U�VX U+V ahJ BK�;2 Q7 i?2 �`2� BM i?2 ;`22M `2+i�M;H2 BM
U�V rBi? ;`2�i2` K�;MB}+�iBQMX �//BiBQM�H HBM2b- `2+i�M;H2b �M/ bvK#QHb BM U�V `272` iQ K2�@
bm`2K2Mib b?QrM BM 6B;bX eXk �M/ eXjX h?2 ahJ K2�bm`2K2Mi T�`�K2i2`b �`2 V = U�V 8yy Ko-
U#VU+V k8y Ko- �M/ I = U�V yXy8 M�- U#VU+V yXye M�X *QTv`B;?i kyRN h?2 C�T�M aQ+B2iv Q7
�TTHB2/ S?vbB+b (RRd)X

�`2� QM i?2 #QmM/�`v #2ir22M i?2 2H2p�i2/ �M/ MQM@2H2p�i2/ �`2�bX �b b?QrM BM U�V �M/
U+V- i?2 2H2p�i2/ `2;BQMb �`2 bKQQi?2` i?�M i?2 HQr2` QM2b- i?Bb Bb �HbQ +H2�` BM i?2 ?2B;?i
T`Q}H2 Q7 U#VX h?2 K�;MB}2/ BK�;2 Q7 i?2 #QmM/�`v `2p2�Hb i?�i i?2 �iQKB+ +Q``m;�iBQM
+QMiBMm2b �+`Qbb i?2 #QmM/�`v- b?QrBM; i?�i #Qi? 2H2p�i2/ �M/ MQM@2H2p�i2/ i2``�+2b �`2
+Qp2`2/ #v i?2 b�K2 ;`�T?2M2 b?22i- �b b?QrM BM U+VX

�iQKB+�HHv `2bQHp2/ ahJ BK�;2b �M/ aha `2bmHib QM i?2 2H2p�i2/ �M/ i?2 HQr2`
i2``�+2b Bb b?QrM BM 6B;bX eXkU�V@U/VX PM i?2 HQr2` i2``�+2 BM U�V- � ?2t�;QM�H �iQKB+
H�iiB+2 �M/ i?2 (6× 6) +Q``m;�iBQM Bb +H2�`Hv Q#b2`p2/- �b QM i?2 b�KTH2 #27Q`2 2i+?BM;-
r?B+? bi2Kb 7`QK i?2 (6

√
3×6

√
3)R30◦ H�iiB+2 Q7 i?2 #mz2` H�v2`X h?2 /If/V bT2+i`mK

QM i?2 HQr2` i2``�+2 BM U#V 72�im`2b �M �bvKK2i`B+ bT2+i`mK rBi? `2bT2+i iQ i?2 62`KB
2M2`;v- rBi? HQr2` /If/V - �i M2;�iBp2 V X h?Bb Bb T`Q#�#Hv /m2 iQ i?2 bi`QM; M@ivT2
/QTBM; #v i?2 �M/ #mz2` H�v2`- r?B+? r�b T`2b2Mi #27Q`2 2i+?BM; �b r2HHX am+? imMM2H
bT2+i`mK Bb 2tT2+i2/ QM ;`�T?2M2faB*UyyyRV �M/ bBKBH�` iQ Tm#HBb?2/ `2bmHib- QM2 Q7
r?B+? (8e) Bb b?QrM BM 6B;X eXkU#VX h?2 ahJ BK�;2 Q7 i?2 2H2p�i2/ i2``�+2 BM U+V b?Qrb
QM2 bm#H�iiB+2 Km+? +H2�`2` i?�M i?2 Qi?2`- �M/ i?2 (6× 6) H�iiB+2 /Q2b MQi �TT2�`X "v
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Fig.2:
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6B;m`2 eXk, ahJfaha K2�bm`2K2Mib U�i T = 78 EV QM i?2 2i+?2/ ;`�T?2M2faB*UyyyRV U�VU#V
2H2p�i2/ �M/ U+VU/V HQr2` i2``�+2bX U�VU+V ahJ BK�;2b 7`QK i?2 TQbBiBQMb Q7 i?2 `2+i�M;H2b
BM/B+�i2/ BM 6B;X eXRU�V- i?2 66h Q7 U+V Bb BM+Hm/2/ �b �M BMb2iX U#VU/V /If/V bT2+i`� 7`QK
i?2 TQbBiBQMb Q7 i?2 bvK#QHb rBi? K�i+?BM; +QHQ` /`�rM BM 6B;X eXRU�VX 6Q` +QKT�`BbQM- U#V
BM+Hm/2b � Tm#HBb?2/ `2bmHi 7`QK _27X (8e)X h?2 ahJfaha T�`�K2i2`b �`2 V = U�V 8yy Ko-
U+V jyy Ko- I = U�V yXy8 M�- U+V yXye M�- �M/ Vmod = U#VU/V j KoX Vbias Bb B/2MiB+�H rBi? i?2
#B�b pQHi�;2 V X *QTv`B;?i kyRN h?2 C�T�M aQ+B2iv Q7 �TTHB2/ S?vbB+b (RRd)X

6�bi 6Qm`B2` h`�Mb7Q`K U66hV � bmT2`H�iiB+2 rBi? � (
√
3 ×

√
3) mMBi +2HH r�b `2p2�H2/

BMbi2�/- �b b?QrM BM i?2 BMb2i Q7 U+VX � /Bz2`2Mi ivT2 Q7 imMM2H bT2+i`mK Bb Q#i�BM2/ QM
i?2 2H2p�i2/ i2``�+2 BM U/VX h?2 /BbT2`bBQM Bb KQ`2 bvKK2i`B+- BM/B+�iBM; i?�i /QTBM; r�b
`2/m+2/ �M/ i?�i i?2 .B`�+ TQBMi Bb +HQb2` iQ V = 0X AM � `�M;2 Q7 �#Qmi −100 ≤ V ≤ 100-
i?2 /BbT2`bBQM Bb `2H�iBp2Hv HQr- r?2`2�b Bb Bb Km+? ?B;?2` �i H�`;2` p�Hm2b Q7 |V |- r?B+?
+QmH/ BM/B+�i2 �M 2H2+i`QMB+ ;�TX aBM+2 i?2 (6× 6) +Q``m;�iBQM Bb �#b2Mi QM i?2 2H2p�i2/
i2``�+2- #mi � i`B�M;mH�` H�iiB+2 r�b Q#i�BM2/- Bi b22Kb i?�i irQ �" bi�+F2/ H�v2`b �`2
T`2b2Mi BMbi2�/ Q7 QM2 ;`�T?2M2 H�v2`- r?B+? r�b i?2`2 #27Q`2 2i+?BM;X h?2 ;�T@HBF2
G.Pa 72�im`2 +�M #2 7Q`K2/ QM #BH�v2` ;`�T?2M2 /m2 iQ i?2 2H2+i`Qbi�iB+ TQi2MiB�H Q7
i?2 bm#bi`�i2- i?mb Bi Bb +QMbBbi2Mi rBi? � irQ@H�v2`b #2BM; T`2b2MiX

hQ Q#i�BM irQ ;`�T?2M2 H�v2` BM i?2 2H2p�i2/ `2;BQMb- i?2 7Q`K2` #mz2` H�v2` Kmbi
#2 /2+QmTH2/ 7`QK i?2 bm#bi`�i2 #27Q`2 7Q`KBM; �M �//BiBQM�H ;`�T?2M2 H�v2`X AM i?�i
+�b2 i?2 /�M;HBM; aB@#QM/b Kmbi ?�p2 #22M T�bbBp�i2/ #v ?v/`Q;2M �iQKb /m`BM; i?2
>@TH�bK� 2i+?BM;X �b � `2bmHi- #BH�v2` [m�bB@7`22@bi�M/BM; U[6aV ;`�T?2M2 r�b +`2�i2/X
h?Bb Bb FMQrM iQ Q++m` /m`BM; �iQKB+ > i`2�iK2Mi Q7 :`�T?2M2faB*UyyyRV Ub22 a2+iBQM
kXRXjV �M/ i?2 2H2p�iBQM ?2B;?i- �b r2HH �b i?2 Qi?2` 72�im`2b Q#i�BM2/ ?2`2 �`2 +QMbBbi2Mi
rBi? Tm#HBb?2/ `2bmHib (ek- RR3)X

PM i?2 [6a #BH�v2`- i?2 bT2+i`� 72�im`2 b2p2`�H T2�Fb M2�` V = 0 BMbB/2 i?2 ;�TT2/
`2;BQM- r?B+? /2T2M/ QM TQbBiBQM- #mi mbm�HHv `2K�BM +QMbi�Mi rBi?BM /Bbi�M+2b Q7 �#Qmi
Ry MK- �b b22M BM i?2 M2ti };m`2 UeXjVX am+? /If/V T2�Fb M2�` V = 0- �b r2HH �b
i?2 (

√
3 ×

√
3) T�ii2`M i?�i Bb Q7i2M Q#b2`p2/ BM/B+�i2 i?2 T`2b2M+2 Q7 HQ+�HBx2/ /272+i

bi�i2b (R9- eN)X .272+i bi�i2b K�v Q`B;BM�i2 7`QK �M BM?QKQ;2M2Qmb /Bbi`B#miBQM Q7 /272+ib
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eXk 1H2p�i2/ h2``�+2b QM i?2 1i+?2/ a�KTH2

Q` /�M;HBM; #QM/b #2HQr i?2 b�KTH2- bBM+2 MQi?BM; Bb /B`2+iHv Q#b2`p2/ #v ahJ i?2v
+�MMQi #2 T`2b2Mi QM i?2 bm`7�+2 H�v2`X PM bBM;H2 [6a ;`�T?2M2 rBi? bi`QM; T@ivT2
/QTBM;- +Hmbi2`b Q7 /�M;HBM; aB #QM/b QM i?2 bm#bi`�i2- i?�i �`2 MQi T�bbBp�i2/ #v >- +�M
BM/m+2 /272+i bi�i2b i?�i /Q �TT2�` BM ahJ BK�;2b (RRN)X PM i?2 Qi?2` ?�M/- BM i?2
T`2b2Mi bim/v- i?2 /QTBM; QM i?2 [6a ;`�T?2M2 Bb r2�F2` �M/ MQ +Hmbi2`b r2`2 Q#b2`p2/
#v ahJX Ai b?QmH/ #2 MQi2/ i?�i Qm` b�KTH2 #2+�K2 #BH�v2` ;`�T?2M2 �7i2` 2i+?BM;- i?mb
i?2 ahJ bB;M�im`2 Q7 bm+? +Hmbi2`b K�v MQi #2 Q#b2`p�#H2 QM i?2 bm`7�+2X >Qr2p2`- i?2
Q#b2`p2/ r2�F2` /QTBM;- +QKT�`2/ iQ Tm#HBb?2/ /�i�- Bb +QMbBbi2Mi rBi? �M BM+QKTH2i2
T�bbBp�iBQM Q7 /�M;HBM; #QM/bX 6m`i?2`KQ`2- i?2 T`2b2M+2 Q7 /�M;HBM; #QM/b Bb BM i2`K
+QMbBbi2Mi rBi? /272+i bi�i2b i?�i �`2 BM/B+�i2/ #v i?2 imMM2H bT2+i`�X h?2 [6a i2``�+2b
i?mb 72�im`2 �M BM+QKTH2i2 bm#bi`�i2 T�bbBp�iBQM rBi? bQK2 /�M;HBM; #QM/b #2HQr #BH�v2`
;`�T?2M2X

6B;m`2 eXj b?Qrb ahJfaha `2bmHib �HQM; HBM2b i?�i +`Qbb 7`QK i?2 2H2p�i2/ iQ i?2
HQr2` i2``�+2bX *?�M;2b Q7 i?2 /If/V bBKBH�`Hv iQ 6B;X eXj �`2 ivTB+�HHv Q#b2`p2/ �+`Qbb
i?2 #QmM/�`v Q7 i?2b2 irQ i2``�+2bX *HQb2 iQ i?2 #QmM/�`v UM2�` /Bbi�M+2 x = 0 MKV
7`QK 2H2p�i2/ iQ HQr2` i2``�+2- i?2 /If/V bT2+i`� +?�M;2 7`QK i?2 KQ`2 bvKK2i`B+
QM2 rBi? bK�HH T2�Fb M2�` i?2 62`KB 2M2`;v iQ i?2 bi`QM;Hv �bvKK2i`B+ QM2 rBi?Qmi
T2�FbX h?Bb b?Qrb i?�i r2�F /QTBM; �M/ /272+i bi�i2 T2�Fb �TT2�` bT2+B}+�HHv QM i?2
2H2p�i2/- �M/ M@ivT2 /QTBM; QM i?2 HQr2` i2``�+2X >Qr2p2`- �i i?2 HQ+�iBQM Q7 i?2 /�i�
BM 6B;X eXjU+V �M/ U/V- �+`Qbb � T2MBMbmH�` b?�T2/ 2H2p�i2/ `2;BQM- i?2 i`�MbBiBQM Q7 i?2
/If/V bT2+i`mK 7QHHQrb i?2 iQTQ;`�T?B+ +?�M;2 H2bb +HQb2HvX AMbi2�/- �M BMi2`K2/B�i2
`2;BQM 2tBbi #2ir22M 0 ≤ x ≤ 3 MK BM r?B+? i?2 bT2+i`mK +?�M;2b ;`�/m�HHvX h?mb-
i?2 KQ`T?QHQ;v Q7 i?2 2H2p�i2/ i2``�+2 �M/ i?2 2H2+i`QMB+ bi`m+im`2 Q7 i?2 HQr2` QM2 �`2
Q#i�BM2/ QM i?Bb bT2+B�H `2;BQMX

Fig.3:
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6B;m`2 eXj, ahJfaha K2�bm`2K2Mib U�i T = 78 EV QM i?2 2i+?2/ ;`�T?2M2faB*UyyyRVX U�VU+V
ahJ BK�;2- U#VU/V ?2B;?i T`Q}H2 �M/ /If/V +QHQ`K�T �+`Qbb i?2 #QmM/�`v Q7 i?2 2H2p�i2/
�M/ HQr2` i2``�+2bX U�VU#V �`2 i�F2M �HQM; i?2 /B�;QM�H �M/ U+VU/V �HQM; i?2 p2`iB+�H r?Bi2
HBM2 BM 6B;X eXRU�VX h?2 ahJfaha T�`�K2i2`b �`2 V = U�VU+VU/V jyy Ko- U#V ahJ, jyy Ko-
U#V aha, 8yy Ko- I = yXye M�- �M/ Vmod = 8 KoX *QTv`B;?i kyRN h?2 C�T�M aQ+B2iv Q7
�TTHB2/ S?vbB+b (RRd)X

PM i?Bb b�KTH2 `2;BQMb rBi? BM+QKTH2i2 BMi2`+�H�iBQM r2`2 Q#i�BM2/- bm+? �b i?2
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eXj L�MQTBib QM i?2 1i+?2/ a�KTH2

QM2b b?QrM ?2`2- �b r2HH �b `2;BQMb rBi? mMB7Q`K BMi2`+�H�iBQM Q` MQ BMi2`+�H�iBQMX PM
i?2 QTTQbBM; bB/2b Q7 � bm#bi`�i2 2/;2- Q7i2M /Bz2`2Mi ivT2b Q7 BMi2`+�H�iBQM �TT2�`2/-
BM/B+�iBM; i?�i bm#bi`�i2 bi2Tb ?BM/2` i?2 T`QT�;�iBQM Q7 > #2HQr i?2 bm`7�+2- �M 2t�KTH2
Bb b?QrM H�i2` U6B;X eX8U�VVX

eXj L�MQTBib QM i?2 1i+?2/ a�KTH2
>@TH�bK� 2i+?BM; r�b bm++2bb7mH BM +`2�iBM; ?2t�;QM�H M�MQTBib rBi? xB;x�; 2/;2b QM
i?2 ;`�T?2M2faB*UyyyRV b�KTH2X 6B;m`2 eX9 b?Qrb M�MQTBib i?�i r2`2 7Q`K2/ QM i?2
2TBi�tB�H ;`�T?2M2 U�V@U+V �M/ QM ;`�T?Bi2 U/V@U7V- 2i+?2/ �i i?2 b�K2 iBK2X h?2 2TBi�tB�H
;`�T?2M2 bm`7�+2 b?QrM BM 6B;X eX9U�V +QMbBbib KQbiHv Q7 2H2p�i2/- [6a ;`�T?2M2 i2``�+2bX
h?2 T`2b2M+2 Q7 bK�HH- 2M+HQb2/ HQr2` `2;BQMb K�F2 i?2 bm`7�+2 KQ`T?QHQ;v `Qm;?X h?2
M�MQTBib QM ;`�T?2M2faB*UyyyRV ?�p2 � H�`;2` K�tBKmK /B�K2i2` U�#Qmi 8y MKV �M/
� ?B;?2` /2MbBiv i?�M QM ;`�T?Bi2X Ai bm;;2bib i?�i QM KQMQ@H�v2` ;`�T?2M2 i?2`2 �`2
KQ`2 /272+ib- `2bmHiBM; BM 2�`HB2` M�MQTBi 7Q`K�iBQM /m`BM; i?2 2i+?BM; T`Q+2bb- r?B+? Bb
+QMbBbi2Mi rBi? Tm#HBb?2/ bim/B2b Q7 �MBbQi`QTB+ 2i+?BM; Q7 KQMQ@�M/ 72r@H�v2` ;`�T?2M2
#v >@TH�bK� (k9- ke)X >Qr2p2`- i?2v �`2 Q7i2M H2bb ?2t�;QM�H i?�M M�MQTBib Q7 i?2 b�K2
bBx2 Q#i�BM2/ QM ;`�T?Bi2 U2X;X i?2 H27i@?�M/ M�MQTBi BM 6B;X eX8U�VVX h?Bb Bb bBKBH�` iQ
i?2 `2bmHib QM ;`�T?2M2faB*UyyyRV- b?QrM BM a2+iBQM 8XkXkX
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• Monatomic nanopits
• !!"# ≈ 50 nm
• Higher density of nanopits

• Monatomic nanopits
• !!"# ≈ 30 nm

Fig.4
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6B;m`2 eX9, U�VU#VfU/VU2V ahJ BK�;2b Ui�F2M �i T = 78 EV �M/ U+VfU7V ?2B;?i T`Q}H2- �HQM; i?2
HBM2 BM/B+�i2/ BM U#VfU2V- Q7 ?2t�;QM�H M�MQTBib QM ;`�T?2M2faB*UyyyRV Ub�KTH2 RkydRy@k@RV f
;`�T?Bi2 2i+?2/ �i i?2 b�K2 iBK2 Ub�KTH2 >PS:@SdNVX h?2 ahJ K2�bm`2K2Mi T�`�K2i2`b
�`2 V = U�VU/V@U7V 8yy Ko- U#VU+V −9yy Ko- I = U�V@U+V yXye M�- U/V@U7V yXR M�X *QTv`B;?i
kyRN h?2 C�T�M aQ+B2iv Q7 �TTHB2/ S?vbB+b (RRd)X

h?2 BMi2`H�v2` /Bbi�M+2 #2ir22M i?2 irQ ;`�T?2M2 H�v2`b r�b BMp2biB;�i2/ #v ahJ
QM M�MQTBib BM i?2 [6a `2;BQMbX h?2 M�MQTBi 2/;2b ?�p2 � ?2B;?i Q7 yXj8y MK- r?B+? Bb
H2bb i?�M QM i?2 Qi?2` irQ b�KTH2b BM i?Bb rQ`F UyXjeN MK QM ;`�T?Bi2 �M/ yXjd8 MK QM
;`�T?2M2faB*UyyyRVVX .m2 iQ bm+? � HQr2` ?2B;?i � bi`QM;2` BMi2`�+iBQM rBi? i?2 HQr2`
H�v2` +�M #2 2tT2+i2/ QM i?Bb b�KTH2X

6B;m`2 eX8 b?Qrb � H�`;2` ahJ BK�;2 BM U�V +QMbBbiBM; Q7 irQ BK�;2b b+�MM2/ M2ti
iQ 2�+? Qi?2`- iQ;2i?2` rBi? � b+?2K�iB+ +`Qbb@b2+iBQM Q7 i?Bb bm`7�+2 BM U#VX h?Bb };m`2
BHHmbi`�i2 i?2 +QK#BM�iBQMb Q7 [6a ;`�T?2M2 �M/ UT�`iHvV ?2t�;QM�H M�MQTBib i?�i r2`2
+`2�i2/ #v >@TH�bK� 2i+?BM;X
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Fig.5:
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6B;m`2 eX8, U�V ahJ BK�;2b Q7 M�MQTBib QM ;`�T?2M2faB*UyyyRV U�i T = d3 EV �7i2` >@TH�bK�
2i+?BM; Ub�KTH2 RkydRy@k@RV- �M/ U#V b+?2K�iB+ ?Q`BxQMi�H +`Qbb@b2+iBQM M2�` i?2 +2Mi2` Q7 i?2
ahJ BK�;2 BM U�VX h?2 ;`22M- #Hm2 �M/ `2/ +B`+H2b `2T`2b2Mi +�`#QM- bBHB+QM �M/ ?v/`Q;2M
�iQKb- `2bT2+iBp2HvX h?2 ;`�T?2M2 M�MQTBi 2/;2b �`2 2tT2+i2/ iQ #2 >@i2`KBM�i2/- #mi i?Bb Bb
MQi b?QrMX h?2 ahJ T�`�K2i2`b �`2 V = 8yy Ko- I = yXye M�X *QTv`B;?i kyRN h?2 C�T�M
aQ+B2iv Q7 �TTHB2/ S?vbB+b (RRd)X

� 72�im`2 i?�i Bb Q7i2M Q#b2`p2/ �i M�MQTBib QM [6a i2``�+2b Bb � M�MQTBi BM i?2 +2Mi2`
Q7 � H�`;2` ?2t�;QM�H M�MQTBiX

1t�KTH2b Q7 i?Bb �`2 pBbB#H2 BM 6B;X eX9U#V �M/ �i i?2 `B;?i@?�M/ bB/2 Q7 6B;X eX8U�VX
Ai Bb MQi�#H2 i?�i bK�HH M�MQTBib iQ i?2 /22T2` Uj`/V H�v2` Q7i2M �TT2�` BM i?2 +2Mi2` QQ7
mTT2` H�v2` M�MQTBibX PM ;`�T?Bi2 U�7i2` HQM;2` 2i+?BM; iBK2bV- HQr2` H�v2` M�MQTBib �`2
mbm�HHv `�M/QKHv /Bbi`B#mi2/ BMbB/2 Q7 mTT2` H�v2` M�MQTBibX Ai bm;;2bib i?�i � /272+i
QM i?2 HQr2` Q` #Qi? H�v2`b- K�v ?�p2 b2`p2/ �b � Mm+H2�iBQM +2Mi2` 7Q` #Qi? i?2 mTT2`
�M/ HQr2` H�v2` M�MQTBibX 6m`i?2`KQ`2- Bi Bb MQi2rQ`i?v i?�i �HH M�MQTBib BM i?2 HQr2`
;`�T?2M2 H�v2` Ui?2 7Q`K2` #mz2` H�v2`V �`2 bm``QmM/2/ #v [m�bB@7`22@bi�M/BM; i2``�+2bX
Ai bm;;2bib i?�i i?2 T�bbBp�iBQM Q7 i?2 bm#bi`�i2 #v > Bb T`QKQi2/ #v /B`2+i �++2bb Q7 i?2
>@TH�bK� iQ i?2 aB* 7`QK i?�i bK�HH M�MQTBiX

AM 6B;X eX8- i?2 H27i@?�M/ bB/2 Bb QMHv T�`iB�HHv BMi2`+�H�i2/ �M/ i?2 j`/ H�v2` Bb MQi
2tTQb2/X h?2 `B;?i@?�M/ bB/2 Bb +QKTH2i2Hv BMi2`+�H�i2/ �M/ i?2 j`/ H�v2` Bb 2tTQb2/X �b
/Bb+mbb2/ #27Q`2- KQp2K2Mi Q7 >@�iQKb �+`Qbb i?2 bm#bi`�i2 bi2T i?�i b2T�`�i2b i?2b2
irQ i2``�+2b Bb �TT�`2MiHv ?BM/2`2/X

aBM+2 #Qi? �MBbQi`QTB+ 2i+?BM; �M/ >@BMi2`+�H�iBQM Q++m` /m`BM; i?2 >@TH�bK� i`2�i@
K2Mi QM i?Bb b�KTH2- /Bz2`2Mi ivT2b Q7 xB;x�;@�HB;M2/ ;`�T?2M2 2/;2b �`2 Q#i�BM2/X h?2b2
�`2 2/;2b QM i?2 #mz2` H�v2`- QM i?2 T�bbBp�i2/ aB*UyyyRV �M/ QM [6a ;`�T?2M2X P7
i?2b2 i?2 H�bi QM2 r�b KQbi 7`2[m2MiHv Q#i�BM2/ �M/ +�M #2 b22M BM i?2 ahJ BK�;2b
Q7 6B;bX eX9U�VU#V �M/ 6B;X eX8U�VVX q2 iQQF T`2HBKBM�`v K2�bm`2K2Mib QM bBM;H2 xB;x�;
2/;2b QM [6a ;`�T?2M2- r?B+? �`2 MQi b?QrM ?2`2X
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eX9 amKK�`v Q7 *?�Ti2` e

eX9 amKK�`v Q7 *?�Ti2` e
>@TH�bK� 2i+?BM; Q7 i?2 2TBi�tB�H KQMQH�v2` ;`�T?2M2 QM aB*UyyyRV r�b BMp2biB;�i2/ 7Q`
7mim`2 bim/B2b Q7 i?2 2/;2 bi�i2b mM/2` /Bz2`2Mi bm#bi`�i2 +QM/BiBQMbX Aib bm`7�+2 72�im`2b
� (6 × 6) bmT2`H�iiB+2 i?�i Bb BM/m+2/ #v i?2 HQr2` *@`B+? #mz2` H�v2`X �7i2` >@TH�bK�
2i+?BM;- M�MQTBib rBi? KQM�iQKB+ /2Ti? r2`2 +`2�i2/- rBi? ?2t�;QM�H Q` `QmM/2/ 2/;2bX
h?2v �`2 H2bb �HB;M2/ BM xB;x�;@/B`2+iBQM i?�M QM ;`�T?Bi2X h?2 K�tBKmK M�MQTBi bBx2
Bb bBKBH�` �b 7Q` i?2 *@7�+2 b�KTH2 �M/ H�`;2` i?�M QM ;`�T?Bi2X h?2 /Bz2`2M+2b Q7 i?2
2i+?BM; `2bmHib iQ i?Qb2 QM ;`�T?Bi2- HBF2Hv bi2K 7`QK � ?B;?2` /2MbBiv Q7 BMBiB�H /272+ibX
JQbi Q7 i?2 M�MQTBib �TT2�`2/ QM 2H2p�i2/ i2``�+2b- r?2`2 i?2 M�MQTBi ?2B;?i /2Ti? r�b
7QmM/ iQ #2 yXj8 MKX

AM �//BiBQM- 2H2p�i2/ i2``�+2b rBi? ?2B;?i Q7 0.12 ± 0.03 MK r2`2 +`2�i2/ r?2`2 i?2
(6×6) T�ii2`M /Q2b MQi �TT2�` �M/ � i`B�M;mH�` �iQKB+ H�iiB+2 Bb Q#b2`p2/X h?Bb bm;;2bib
i?2 T`2b2M+2 Q7 �MQi?2` ;`�T?2M2 H�v2` #2HQr i?2 Q`B;BM�HHv KQMQH�v2` ;`�T?2M2X aha
`2p2�Hb i?�i i?2 .B`�+ TQBMi Bb b?B7i2/ +HQb2 iQ i?2 62`KB 2M2`;v- �M/ i?�i i?2 G.Pa
+HQb2 #v i?2 .B`�+ TQBMi Bb bmTT`2bb2/- r?B+? +�M BM/B+�i2 #BH�v2` ;`�T?2M2X h?2 72�@
im`2b Q7 i?2 2H2p�i2/ i2``�+2b �`2 +QMbBbi2Mi rBi? ?v/`Q;2M U>V BMi2`+�H�iBQM- �b � `2bmHi-
r2 Q#i�BM2/ [m�bB@7`22 bi�M/BM; U[6aV #BH�v2` ;`�T?2M2 QM i?2 >@i2`KBM�i2/ aB*UyyyRV
bm#bi`�i2X h?mb- i?2 M�MQTBi /2Ti? QM [6a `2;BQMb +Q``2bTQM/b iQ i?2 BMi2`H�v2` /Bb@
i�M+2 #2ir22M irQ ;`�T?2M2 H�v2`- r?B+? Bb H2bb i?�M QM 2i+?2/ ;`�T?Bi2 Q` KmHiB@H�v2`
;`�T?2M2faB*UyyyRVX

qBi?BM i?2 bmTT`2bb2/ G.Pa `�M;2- TQbBiBQM@/2T2M/2Mi T2�Fb �TT2�`X h?2b2 G.Pa
T2�Fb- �b r2HH �b i?2 T`2b2M+2 Q7 � (

√
3 ×

√
3) bmT2`H�iiB+2- BM/B+�i2 HQ+�HBx2/ 2H2+i`QMB+

bi�i2b QM i?2 2H2p�i2/ i2``�+2bX h?2v �`2 HBF2Hv BM/m+2/ #v /�M;HBM; aB@#QM/b- r?B+?
b?QmH/ #2 K�M�;2/ 7Q` aha bim/B2b Q7 i?2 2/;2 bi�i2bX

Ny



*?�Ti2` d

*QM+HmbBQMb

AM i?Bb rQ`F- i?2 2H2+i`QMB+ bi�i2b Q7 ;`�T?2M2 xB;x�; 2/;2b- Q#i�BM2/ #v ?v/`Q;2M TH�bK�
U>@TH�bK�V 2i+?BM;- r2`2 2t�KBM2/X lbBM; >@TH�bK� 2i+?BM; �MBbQi`QTB+ M�MQTBib rBi?
KQM�iQKB+ ?2B;?i r2`2 7�#`B+�i2/ QM i?2 bm`7�+2 Q7 ;`�T?Bi2 �M/ QM ;`�T?2M2X .m`BM;
i?2 2i+?BM; ;`�T?2M2 bi2T@2/;2b i?�i �`2 �HB;M2/ BM i?2 xB;x�; /B`2+iBQMb �`2 +`2�i2/- i?mb
?2t�;QM�H M�MQTBib �`2 7Q`K2/ BM i?2 2tTQb2/ ;`�T?2M2 H�v2`bX AM i?Bb bim/v- i?2 bm`7�+2
Q7 ;`�T?Bi2- �b r2HH �b 72r@H�v2` ;`�T?2M2 b�KTH2b 2TBi�tB�HHv ;`QrM QM i?2 *@7�+2 �M/ QM
i?2 aB@7�+2 Q7 aB*- r2`2 BMp2biB;�i2/ #v b+�MMBM; imMM2HBM; KB+`Qb+QTv �M/ bT2+i`Qb+QTv
UahJfahaVX �i `QQK i2KT2`�im`2b �M/ �iKQbT?2`B+ +QM/BiBQMb QMHv ahJ 2tT2`BK2Mib
r2`2 T2`7Q`K2/- �M/ �i i2KT2`�im`2b #2ir22M d3 E �M/ ey KE BM mHi`�@?B;? p�+mmK
#Qi? ahJ �M/ aha r2`2 2KTHQv2/X h?2 K�BM �BK Bb iQ BMp2biB;�i2 i?2 2tBbi2M+2 Q7
bTBM@TQH�`Bx2/ 2/;2@bi�i2bX h?Bb r�b �+?B2p2/ #v T`Q#BM; i?2 2H2+i`QMB+ ;`�T?2M2 2/;2
bi�i2b Q7 xB;x�; ;`�T?2M2 M�MQ`B##QMb Ux:L_V QM b�KTH2b rBi? /Bz2`2Mi BMi2`�+iBQMb
rBi? bm#bi`�i2bX PM bm+? x:L_b- bTBM@TQH�`Bx�iBQM Bb 2tT2+i2/- #mi r�b MQi +QM+HmbBp2Hv
b?QrM bQ 7�`X h?2 xB;x�; 2/;2 bi�i2b �`2 FMQrM iQ #2 b2MbBiBp2 iQ bm#bi`�i2 BM~m2M+2-
i?mb /Bz2`2Mi ;`�T?2M2 b�KTH2b �`2 BMp2biB;�i2/ iQ +H�`B7v i?2 /Bz2`2Mi BM~m2M+2b QM bm+?
� bi�i2X

PM �HH i?`22 bvbi2Kb xB;x�; 2/;2b +QmH/ #2 7�#`B+�i2/ #v >@TH�bK� 2i+?BM; mbBM; i?2
b�K2 2i+?BM; T�`�K2i2`b �M/ QMHv p�`vBM; i?2 2i+?BM; iBK2X PM i?2 irQ 72r@H�v2` 2TB@
i�tB�H ;`�T?2M2 b�KTH2b i?2 M�MQTBib ;`2r KQ`2 `�TB/Hv /m`BM; 2i+?BM; i?�M QM ;`�T?Bi2
�M/ H2bb r2HH@b?�T2/ ?2t�;QM�H TBib r2`2 +`2�i2/X "Qi? /Bz2`2M+2b T`Q#�#Hv bi2K 7`QK
� ?B;?2` `�i2 Q7 M�MQTBi 7Q`K�iBQM QM i?2 72r@H�v2` b�KTH2b /m2 iQ � ?B;?2` /2MbBiv
Q7 BMBiB�H /272+ibX PM ;`�T?2M2faB*UyyyRV- i?2 *@7�+2- 2i+?BM; �HbQ `2KQp2/ `Qi�iBQM�H
/272+ib i?�i 2tBbi2/ #27Q`2X >Qr2p2`- i?2 KQbi bB;MB}+�Mi �//BiBQM�H 2z2+i Q++m``2/ QM
;`�T?2M2faB*UyyyRV- i?2 aB@7�+2- r?2`2 H�`;2 i2``�+2b #2+�K2 [m�bB@7`22 bi�M/BM; U[6aV
�7i2` 2i+?BM; /m2 iQ ?v/`Q;2M �iQKb T�bbBp�iBM; /�M;HBM; #QM/b QM i?2 bm#bi`�i2X �i
i?2 2i+?2/ M�MQTBib QM i?2 bm`7�+2 Q7 ;`�T?2M2faB*UyyyRV i?2 BMi2`H�v2` /Bbi�M+2 r�b
yXjdd MK �M/ Bi r�b yXj8y MK QM [6a ;`�T?2M2faB*UyyyRV- r?B+? bm;;2bib � /2+`2�b2/
�M/ �M BM+`2�b2/ BMi2`�+iBQM rBi? i?2 bm#bi`�i2- `2bT2+iBp2Hv- +QKT�`2/ iQ i?�i QM 2i+?2/
;`�T?Bi2 UrBi? /Bbi�M+2 yXjeN MKVX

PM ;`�T?Bi2 �M/ QM ;`�T?2M2faB*UyyyRV- ahJfaha K2�bm`2K2Mib b?Qr2/ bBM;H2
G.Pa T2�Fb M2�` i?2 .B`�+ TQBMi- iQ;2i?2` rBi? G.Pa /2T`2bbBQMb- i?�i /2+�v 2tTQ@
M2MiB�HHv rBi? /Bbi�M+2 7`QK i?2 2/;2X h?Bb BM/B+�i2b i?�i i?2 2i+?2/ ?2t�;QM�H M�MQTBi
2/;2b ?Qbi HQ+�HBx2/ 2H2+i`QMB+ bi�i2b i?�i +QM7Q`K rBi? i?2 bBM;H2 H�v2` 2tT2+i�iBQMb Q7
� xB;x�; 2/;2 bi�i2X am+? `2bmHib r2`2 Q#i�BM2/ QM ;`�T?2M2faB*UyyyRV- iQQ- /2bTBi2
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i?2 T`2b2M+2 Q7 /Bz2`2Mi KQ`T?QHQ;B2b- Q7 bi`QM; /QTBM;- �M/ Q7 i?2 �TT�`2Mi T`2b2M+2
Q7 HQ+�HBx2/ bi�i2b QM bQK2 i2``�+2bX wB;x�; 2/;2 bi�i2b r2`2 Q#b2`p2/ QM �HH ivT2b Q7
i2``�+2b- b?QrBM; i?2 `Q#mbiM2bb Q7 i?2 2/;2 bi�i2b QM i?Bb b�KTH2X � /Bz2`2M+2 iQ i?2
bi�i2b QM ;`�T?Bi2 Bb � rB/2` 2M2`;v `�M;2 Q7 i?2 2/;2 bi�i2 G.PaX

"2ir22M 2i+?2/ ?2t�;QM�H M�MQTBib M�``Qr x:L_b rBi? rB/i?b 7`QK 9 iQ 9k MK �`2
7Q`K2/ �M/ i?2 2/;2 bi�i2b �i i?2b2 r2`2 T`Q#2/ QM ;`�T?Bi2 �M/ QM ;`�T?2M2faB*UyyyRV
#v ahJfaha /QrM iQ ey KEX AM T`2pBQmb `2TQ`ib Q7 bTBM@TQH�`Bx�iBQM- b2p2`�H HBKBi�@
iBQMb r2`2 �Hr�vb T`2b2Mi- bm+? �b BMbm{+B2Mi 2/;2 [m�HBiv �M/ i2`KBM�iBQM- mMFMQrM
bm#bi`�i2 BMi2`�+iBQM- BM�#BHBiv iQ p�`v i?2 ;`�T?2M2 M�MQ`B##QM rB/i? �M/ HBKBi2/ bi�@
iBbiB+�H /�i�- r?B+? ?BM/2`2/ +QM+HmbBp2 2tT2`BK2Mi�H +QM}`K�iBQM Q7 bTBM@TQH�`Bx�iBQMX
Pm` K2�bm`2K2Mib r2`2 �#H2 iQ �pQB/ KQbi Q7 i?2b2 T`Q#H2Kb #v T`2T�`BM; M�MQ`B##QMb
#v �MBbQi`QTB+ >@TH�bK� 2i+?BM; QM i?2 bm`7�+2 Q7 ;`�T?Bi2- r?2`2 i?2 bm#bi`�i2 2z2+i
Bb r2HH bim/B2/- �M/ QM ;`�T?2M2faB*UyyyRV- r?2`2 r2 +�M +QKT�`2 bBM;H2 BbQH�i2/ �M/
M�MQ`B##QM 2/;2 bi�i2bX h?Bb �HHQrb mb iQ Q#i�BM +H2�` `2bmHib Q7 i?2 2/;2 bi�i2b �M/
i?2B` HQ+�iBQM �M/ bm#H�iiB+2 /2T2M/2M+2X

aha �i x:L_b QM ;`�T?Bi2 `2p2�H2/ i?�i Bib 2/;2 bi�i2b #2+QK2 bTHBi r?2`2 2/;2
bi�i2b QM /Bz2`2Mi bm#H�iiB+2b �`2 BM +HQb2 T`QtBKBiv QM M�MQ`B##QMb rBi? xB;x�; 2/;2bX
h?Bb bm;;2bib i?�i BMi2`�+iBQM #2ir22M bi�i2b QM /Bz2`2Mi bm#H�iiB+2b Bb M2+2bb�`v 7Q`
i?2 bTHBiX 6m`i?2`KQ`2- i?2 2/;2 bi�i2 bTHBiiBM; /2T2M/b QM i?2 M�MQ`B##QM rB/i? UW V
�M/ i?2 bm#bi`�i2 BM~m2M+2- bBM+2 i?2 bTHBi 2M2`;v Bb BMp2`b2Hv T`QTQ`iBQM�H iQ W �M/
� bHB;?iHv ;`2�i2` bTHBiiBM; Bb Q#b2`p2/ QM i?2 2/;2 rBi? r2�F2` BMi2`�+iBQMb rBi? i?2
HQr2` H�v2`X h?2 Q#b2`p2/ 2/;2 bi�i2 72�im`2b �`2 b2KB@[m�MiBi�iBp2Hv +QMbBbi2Mi rBi?
i?2Q`2iB+�H 2tT2+i�iBQMb Q7 bTBM@TQH�`Bx�iBQM- #v i�FBM; BMiQ �++QmMi i?2 2z2+i Q7 ;`�T?2M2
bm#bi`�i2X

AM/B+�iBQMb Q7 bTBM@bTHBiiBM; rBi? H�`;2` G.Pa T2�F b2T�`�iBQM r2`2 Q#i�BM2/ QM
72r@H�v2` ;`�T?2M2faB*UyyyRV �b r2HHX >Qr2p2`- p�biHv /Bz2`2Mi 2/;2 bi�i2 72�im`2b r2`2
Q#i�BM2/ 7Q` /Bz2`2Mi x:L_b- r?B+? K�v `2~2+i i?2 p�`B2iv Q7 /Bz2`2Mi bm`7�+2 2MpB`QM@
K2Mib ?2`2X h?Bb `2bmHi �;�BM b?Qrb i?2 BKTQ`i�Mi `QH2 i?�i i?2 bm#bi`�i2 TH�vb 7Q` i?2
2/;2 bi�i2b �M/ K�v bm;;2bi � TQbbB#H2 i`�MbBiBQM �KQM; /Bz2`2Mi K�;M2iB+ 2/;2 bi�i2b-
r?B+? +QmH/ KQ/B7v i?2 2/;2 bi�i2bX aBM+2 i?2 bTHBi 2/;2 bi�i2b r2`2 Q#b2`p2/ BM i?2
T`2b2M+2 Q7 bQK2 2/;2 /BbQ`/2`- �M/ TQbbB#Hv QM i?2 /QT2/ ;`�T?2M2faB*UyyyRV- i?2b2
`2bmHi b?Qr i?2B` `Q#mbiM2bb BM i?2b2 +QM/BiBQMbX

6mim`2 S`QbT2+ib
AM i?Bb rQ`F- +H2�` BM/B+�iBQMb 7Q` bTBM@TQH�`Bx�iBQM QM ;`�T?2M2 M�MQ`B##QMb r2`2 Q#@
i�BM2/ �M/ b2p2`�H +QM/BiBQMb 7Q` i?2B` Q++m``2M+2 r2`2 /2KQMbi`�i2/X h?Bb QT2Mb i?2
/QQ` iQr�`/b 7mim`2 rQ`Fb �M/ i?2 �TTHB+�iBQM Q7 i�BHQ`@K�/2 bTBM@TQH�`Bx2/ DmM+iBQMb-
7Q` 2t�KTH2 BM MQp2H bTBMi`QMB+ /2pB+2bX h?2 TQi2MiB�H Q7 /Bz2`2Mi bm#bi`�i2b iQ KQ/B7v
bTBM@bTHBii2/ 2/;2 bi�i2b r�b /2KQMbi`�i2/ �b r2HHX

AM i?2 7mim`2- i?2 KQbi BKTQ`i�Mi rQ`F QM xB;x�; ;`�T?2M2 M�MQ`B##QMb Bb i?2 /B`2+i
Q#b2`p�iBQM Q7 i?2 2/;2 K�;M2iBbK- r?B+? K�v #2 �+?B2p2/ #v � bTBM@TQH�`Bx2/ aha i2+?@
MB[m2X �M BKTQ`i�Mi bi2T iQr�`/b i?Bb ;Q�H Bb i?2 Q#b2`p�iBQM Q7 i?2 i`�MbBiBQM #2ir22M
/Bz2`2Mi 2/;2 bi�i2 bTBM �HB;MK2Mib- 2X;X- #2ir22M � MQM@K�;M2iB+ bi�i2- � ;�TT2/ Q`
b2KB@K2i�HHB+ �MiB72``QK�;M2iB+ bTBM �HB;MK2Mi �M/ � K2i�HHB+ 72``QK�;M2iB+ bTBM �HB;M@
K2Mi QM i?2 2/;2 bi�i2b- QM ;`�T?2M2 M�MQ`B##QMb 7�#`B+�i2/ #v ?v/`Q;2M TH�bK� 2i+?@
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BM;X am+? � i`�MbBiBQM +�M #2 BM/m+2/ #v p�`vBM; i?2 b2p2`�H +QMi`QH T�`�K2i2`bX h?2b2
+�M #2 i?2 �TTHB2/ K�;M2iB+ }2H/- ;�i2 pQHi�;2- /QTBM; �M/ i2KT2`�im`2- �b r2HH �b i?2
M�MQ`B##QM rB/i? �M/ H2M;i? iQ imM2 i?2 2M2`;v /Bz2`2M+2b #2ir22M i?2 /Bz2`2Mi bi�i2b
�M/ i?2 +`QbbQp2` i2KT2`�im`2 #2HQr r?B+? i?2 i?2`K�HHv �+iBp�i2/ ~m+im�iBQMb �`2 bmT@
T`2bb2/ Q` K�;M2iB+ /QK�BM r�HHb �`2 i`�TT2/ #v /272+ibX A7 i?2 i`�MbBiBQM #2ir22M
/Bz2`2Mi ivT2b Q7 2/;2 bi�i2b +�M #2 BM/m+2/ #v �TTHvBM; � K�;M2iB+ }2H/- i?Bb +QmH/
/B`2+iHv b?Qr i?2 K�;M2iB+ T`QT2`iv Q7 i?2 bTHBi 2/;2 bi�i2b 2p2M #v mbBM; � `2;mH�` ahaX
6Q` bm+? �M 2tT2`BK2Mi- M�MQ`B##QMb 7�#`B+�i2/ QM i?2 ;`�T?Bi2 bm`7�+2 �`2 � bmBi�#H2
bvbi2KX �M �//BiBQM�H p2`B}+�iBQM Q7 i?2 `2bmHib BM i?Bb rQ`F +�M #2 Q#i�BM2/ #v +?2+FBM;
i?�i bBM;H2 ?v/`Q;2M �iQKb T�bbBp�i2 i?2 2i+?2/ 2/;2b- r?B+? K�v #2 /QM2 #v 2H2+i`QM
2M2`;v HQbb bT2+i`Qb+QTv Q` BM2H�biB+ imMM2H bT2+i`Qb+QTvX

q2 ?QT2 i?�i i?Bb rQ`F K�v bT�`F M2r bim/B2b BMiQ bTBM TQH�`Bx�iBQM Q7 ;`�T?2M2
xB;x�; M�MQ`B##QMb �M/ i?2 2z2+i Q7 i?2 bm#bi`�i2- �b r2HH �b K�v 2M�#H2 i?2 /2p2HQTK2Mi
Q7 MQp2H ;`�T?2M2@#�b2/ bTBMi`QMB+ /2pB+2bX
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�TT2M/B+2b

N9



�TT2M/Bt �

*Q``2+iBQM Q7 .`B7i 7Q` a+�MMBM;
hmMM2HBM; aT2+i`Qb+QTv .�i�

AM i?Bb rQ`F- ahJfaha K2�bm`2K2Mib �`2 miBHBx2/ iQ T`Q#2 i?2 G.Pa Q7 b�KTH2bX AM
2�+? K2�bm`2K2Mi- b+�Mb �`2 K�/2 �HQM; HBM2b �+`Qbb i?2 b�KTH2 bm`7�+2- r?2`2 i?2 ahJ
iBT ?2B;?i �M/ /If/V bT2+i`mK Bb K2�bm`2/ �i `2;mH�` BMi2`p�Hb UrBi? mMBi /Bbi�M+2 xunitVX
lbm�HHv- r2 +?Qb2 iQ K2�bm`2 72r2` TQBMib �HQM; � HBM2 #v aha i?�M #v ahJ- bBM+2 i?2
`2[mB`2/ iBK2 7Q` K2�bm`2K2Mib �i 2�+? TQBMi Bb HQM;2`X �7i2` +QKTH2iBM; b+�MMBM; �HQM;
� HBM2- �MQi?2` HBM2 rBi? 2[m�H H2M;i? Bb b+�MM2/- mMiBH i?2 b+�M Bb +QKTH2i2/X am#b2[m2Mi
HBM2b +�M #2 b+�MM2/ �i i?2 b�K2 TQbBiBQM UHBM2 KQ/2V- Q` �i � T�`�HH2H TQbBiBQM- i?�i Bb
b?B7i2/ #v i?2 /Bbi�M+2 xunit Q`i?Q;QM�HHv iQ i?2 T`2pBQmb HBM2X "v b?B7iBM; i?2 b+�MMBM;
HBM2- K2�bm`2K2Mib �`2 i�F2M BM � `2+i�M;mH�` ;`B/- r?B+? 7Q`K � irQ@/BK2MbBQM�H K�TX
h?2 TQbBiBQMb Q7 i?2 /�i� i?mb 7Q`K HBM2b �M/ +QHmKMbX "Qi? i?2 b+�MMBM; /B`2+iBQM �M/
i?2 MmK#2` Q7 HBM2b �M/ Q7 TQBMib QM � HBM2 +�M #2 �/Dmbi2/X

aBM+2 i?2 aha K2�bm`2K2Mi iBK2 Bb HQM;2` i?�M 7Q` ahJ- ;`�/m�H /`B7i Q7 i?2 ahJ
iBT `2H�iBp2 iQ i?2 b�KTH2 /m`BM; K2�bm`2K2Mib Bb KQ`2 bB;MB}+�MiX hQ +Q``2+i i?2 /`B7i-
r2 ?�p2 b?B7i2/ i?2 TQbBiBQMb Q7 K2�bm`2K2Mib QM /Bz2`2Mi HBM2b Q` +QHmKMbX hQ /2i2`@
KBM2 i?2 �TT`QT`B�i2 b?B7i- r2 +QKT�`2 i?2 ahJ BK�;2 �+[mB`2/ /m`BM; i?2 ahJfaha
K2�bm`2K2Mi iQ i?2 ahJ BK�;2b i?�i �`2 i�F2M #27Q`2 �M/ �7i2` 2p2`v ahJfaha K2�@
bm`2K2Mi �M/ i?�i �`2 H2bb@�z2+i2/ #v /`B7i /m2 iQ b?Q`i2` K2�bm`2K2Mi iBK2bX

�M 2t�KTH2 Q7 H�i2`�H /`B7i �/DmbiK2Mi 7Q` � HBM2 KQ/2 ahJfaha K2�bm`2K2Mi rBi?
7Qm` HBM2b �+`Qbb � ;`�T?2M2 2/;2 Bb b?QrM BM i?2 ?2B;?i T`Q}H2 BM 6B;X �XRU�VX Ai Bb
+H2�`Hv b22M i?�i i?2 2/;2 TQbBiBQM Bb b?B7i2/ #2ir22M K2�bm`2K2Mi HBM2bX hQ �M�Hvx2
bm+? /�i�- i?2 H�i2`�H TQbBiBQMb Q7 i?2 K2�bm`2/ ?2B;?i �M/ /If/V p�Hm2b r2`2 b?B7i2/
iQ +QKT2Mb�i2 7Q` /`B7iX h?2 +Q``2+iBQM r�b /QM2 iQ K�i+? i?2 ?2B;?i T`Q}H2b iQ i?2 QM2
Q7 i?2 HBM2 BMBiB�HHv K2�bm`2/- �b b?QrM BM U#VX h?2 b?B7i2/ TQbBiBQMb r2`2 K�i+?2/ iQ
i?2 M2B;?#Q`BM; /Bbi�M+2 +QQ`/BM�i2b Q7 i?2 BMBiB�H br22T #v K�FBM; � r2B;?i2/ �p2`�;2
Q7 i?2 /If/V K2�bm`2K2Mi �i 2�+? TQbBiBQMX h?Bb Bb b?QrM BM i?2 b+?2K�iB+ /Bbi�M+2
+QQ`/BM�i2b Q7 irQ bm#b2[m2Mi K2�bm`2/ HBM2b BM U+V �M/ U/VX h?2`27Q`2 i?2 MmK#2` Q7
�p2`�;2/ /�i� TQBMib Bb `2/m+2/ �`QmM/ #Qi? 2M/b Q7 i?2 b+�M HBM2X AM i?2 +�b2 Q7 �
b?B7i2/ +QQ`/BM�i2 #2BM; Qmi Q7 `�M;2 Q7 i?2 BMBiB�H HBM2 TQbBiBQM +QQ`/BM�i2b- i?�i p�Hm2
Bb /Bb+�`/2/- �M/ i?2 MmK#2` Q7 /�i� TQBMib BM i?2 �p2`�;2b Bb `2/m+2/ �i i?2 b+�M HBM2
2M/bX h?Bb r�b /QM2 BM Q`/2` iQ #2 �#H2 iQ K�F2 �p2`�;2b Q7 i?2 /If/V Q7 �HH br22Tb
r?BH2 +QMiBMmBM; iQ mb2 i?2 b�K2 /Bbi�M+2 +QQ`/BM�i2bX
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x

time (n)

Correcting drift in line-mode using Line shift

2	

Which is length axis and which is time axis? 
Maybe vertical is x(nm) and lateral is time. 
Then, I (someone doing measurement) feel 
uncomfortable.  �

Xp,j is the original coordinate? 
Then just Δx < u is ok?NO to 
explain someone else, even 
though such equation is necessary 
for programing.�

Y?�

Possible to show visually? 
Equation is necessary at some point, but it’s not 
kind enough to explain. 
For example, for some theorist’s presentation using 
many equations, I feel as if the guy don’t want to 
explain it. .. This is because we need some time to 
understand the equation.�y

(where	y	can	be	a	 topographical	
value	or	a	spectroscopic	vector)	

Subsequent sweep 

Initial sweep 

xunit 

Average Height and dI/dV 

Lateral distance x w = Δx / xunit 

Δx xunit 

�w �(1-w) �w �(1-w) �w �(1-w) �w 

Average Height and dI/dV 

Original position coordinates Shifted position coordinates 

5 100

H
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Lateral Distance    (nm)

 x-0.1625 nm
 x-0.4850 nm
 x-0.4875 nm

x
5 100
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Lateral Distance    (nm)

 x-0.1625 nm
 x-0.4850 nm
 x-0.4875 nm

x

(a)	

(c)	

(b)	

(d)	

6B;m`2 �XR, U�V >2B;?i T`Q}H2 K2�bm`2/ �i T = 78 E �+`Qbb �M 2i+?2/ M�MQTBi 2/;2 QM ;`�T?Bi2
Ub�KTH2 EBb?@S9yVX 6Qm` HBM2b r2`2 K2�bm`2/ UQ`/2` Q7 K2�bm`2K2Mib, #H�+F- `2/- #Hm2- ;`22M
bvK#QHbV /m`BM; HBM2 KQ/2 ahJfahaX h?2 2/;2 TQbBiBQM b?B7i2/ BM TQbBiBp2 x /B`2+iBQM QM
2�+? bm#b2[m2Mi HBM2X U#V h?2 ?2B;?i T`Q}H2 Q7 U�V r�b b?B7i2/- bm+? i?�i i?2 i?`22 bm#b2[m2Mi
HBM2b U`2/- #Hm2- ;`22M bvK#QHbV #2bi K�i+? i?2 BMBiB�H QM2 U#H�+F bvK#QHbV iQ +Q``2+i i?2 /`B7i
#2ir22M i?2KX U+V a+?2K�iB+ `2T`2b2Mi�iBQM Q7 i?2 /�i� �p2`�;BM; 7Q` i?2 Q`B;BM�H /�i�b2ibX
U/V a+?2K�iB+ `2T`2b2Mi�iBQM Q7 i?2 r2B;?i2/ �p2`�;BM; 7Q` /�i� b?B7i2/ #v /Bbi�M+2 ∆xX hQ
K�F2 �p2`�;2b �i i?2 b�K2 x +QQ`/BM�i2b- i?2 /If/V p�Hm2b r2`2 KmHiBTHB2/ #v i?2 r2B;?i w
Q` (1− w) �M/ BM+Hm/2/ BM i?2 /If/V �p2`�;2 Q7 i?2 +HQb2bi M2B;?#Q` QM i?2 H27i Q` `B;?iX

Ne
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:`�T?2M2faB*UyyyRV

"XR *QKT�`BbQM Q7 >@TH�bK� 1i+?BM; h`B�Hb
h?2 ahJfaha `2bmHib Q7 2i+?2/ ;`�T?2M2faB*UyyyRV i?�i �`2 /Bb+mbb2/ BM *?�Ti2` 9
r2`2 Q#i�BM2/ QM b�KTH2 :RkRj �7i2` 2i+?BM; Bi 7Q` Ry KBMX �M B/2MiB+�H b�KTH2 U:RkRkV
r�b 2i+?2/ 7Q` jy KBM- �7i2` r?B+? TQQ` bm`7�+2 +QM/m+iBpBiv K�/2 Bi /B{+mHi iQ T`Q#2 Bi
#v ahJfahaX am+? /B{+mHiB2b /B/ MQi Q++m` r?2M T`Q#BM; i?2 b�KTH2 2i+?2/ 7Q` Ry KBMX
h?Bb Bb #2+�mb2 i?2 2TBi�tB�H ;`�T?2M2 Bb +QKTH2i2Hv `2KQp2/ QM bQK2 `2;BQMb Q7 :RkRk
�7i2` 2i+?BM; 7Q` jy KBM- r?B+? +�M #2 +QM}`K2/ #v _�K�M bT2+i`Qb+QTvX

6B;m`2 "XR b?Qrb i?2 _�K�M bT2+i`� Q#i�BM2/ QM b�KTH2 :RkRk #27Q`2 2i+?BM; �M/
�7i2` � jy KBM i`2�iK2Mi �M/ Q7 b�KTH2 :RkRj �7i2` Ry KBM 2i+?BM;X AM i?2 r�p2MmK#2`
`�M;2 1460− 1940 +K−1 i?2 _�K�M BMi2MbBiv Bb BM+`2�b2/ /m2 iQ i?2 aB* bm#bi`�i2X h?2
T`2b2M+2 Q7 ;`�T?2M2 QM i?2b2 b�KTH2b Bb BM/B+�i2/ #v i?2 : �M/ i?2 :Ƕ T2�Fb �i �#Qmi
1576 +K−1 �M/ #2ir22M 2690− 2735 +K−1- `2bT2+iBp2Hv (Rky)X 6Q` 2�+? +�b2- irQ +m`p2b
�`2 b?QrM- i?�i �`2 `2T`2b2Mi�iBp2 Q7 �`2�b rBi? bi`QM;2` U#H�+F +m`p2bV Q` rBi? r2�F2`
;`�T?2M2 bB;M�im`2b U#Hm2 +m`p2bVX "Qi? Q7 i?2b2 T2�Fb +H2�`Hv �TT2�` QM �HH `2;BQMb Q7
i?2 b�KTH2b #27Q`2 2i+?BM; �M/ �7i2` Ry KBM 2i+?BM;- ?Qr2p2`- �7i2` jy KBM 2i+?BM; BM
bQK2 `2;BQMb i?2v /Q MQi U#Hm2 +m`p2 �7i2` jy KBM 2i+?BM;VX h?Bb BM/B+�i2b i?�i i?2`2 �`2
`2H�iBp2Hv H�`;2 `2;BQMb QM i?2 b�KTH2 �7i2` jy KBM 2i+?BM; i?�i �`2 MQ HQM;2` +Qp2`2/ #v
;`�T?2M2X h?2 �#b2M+2 Q7 2TBi�tB�H ;`�T?2M2 BM bQK2 �`2�b +�M +�mb2 i?2 b�KTH2 bm`7�+2
iQ MQi #2 +QM/m+iBp2 UbBM+2 i?2 aB* bm#bi`�i2 TQbb2b � #�M/ ;�TVX

Nd



"Xk hmMM2HBM; aT2+i`Qb+QTv QM "mHF
:`�T?2M2faB*UyyyRV

G1212  etched 30 min
Near left edge center of the sample
190830_B2 Line mode, ! = 532 nm, shot time 50s, Center 2000 cm-1

G1212 Not etched
Near center-right corner of sample
190716_A1 Line mode, ! = 532 nm, shot time 30s, Center 1900 cm-1
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Normalized Intensity (at ~1518 cm-1)

 G1212 etched 190830 B2 Red 
 G1212 etched 190830 B2 Orange
 G1212 etched 190830 B2 Green
 G1212 etched 190830 B2 Light Blue
 G1212 etched 190830 B2 Blue
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6B;m`2 "XR, _�K�M bT2+i`� i�F2M QM ;`�T?2M2faB*UyyyRV- #27Q`2 2i+?BM; Ub�KTH2 :RkRkV-
�7i2` Ry KBM 2i+?BM; Ub�KTH2 :RkRjV- �7i2` jy KBM 2i+?BM; Ub�KTH2 :RkRkV 7Q` irQ /Bz2`2Mi
`2;BQMb U#H�+F �M/ #Hm2V 7Q` 2�+? b�KTH2X h?2 _�K�M BMi2MbBiv Q7 2�+? bT2+i`mK Bb MQ`K�HBx2/
�i 1517 +K−1X h?2 : T2�F U�i �#Qmi 1576 +K−1V �M/ i?2 :Ƕ T2�F U�i 2690 − 2735 +K−1V
BM/B+�i2 i?2 T`2b2M+2 Q7 ;`�T?2M2- i?2B` `�M;2 Bb b?�/2/X h?2 b�KTH2 bm`7�+2 Bb MQi +QKTH2i2Hv
?QKQ;2M2Qmb �`2� rBi? ?B;?2` BMi2MbBiv ;`�T?2M2 bB;M�im`2 T2�Fb U#H�+F +m`p2bV �M/ rBi? HQr2`
BMi2MbBiv T2�Fb U#Hm2 +m`p2bV �`2 Q#b2`p2/X

"Xk hmMM2HBM; aT2+i`Qb+QTv QM "mHF
:`�T?2M2faB*UyyyRV

J2�bm`2/ /If/V r2`2- r?B+? �`2 TQbBiBQM@/2T2M/2Mi QM i?2 #mHF i2``�+2b Q7 2TBi�tB�H
;`�T?2M2 QM aB*UyyyRVX h?2b2 �`2 /Bb+mbb2/ ?2`2 BM KQ`2 /2i�BHX h?2 K�BM `2bmHib
Q#i�BM2/ QM i?�i b�KTH2 �`2 /Bb+mbb2/ BM a2+iBQM 8- i?2 imMM2HBM; bT2+i`� QM #mHF i2``�+2b
�`2 /Bb+mbb2/ BM a2+iBQM 8XkXk- r?2`2 i?2b2 72�im`2b r2`2 QMHv #`B2~v K2MiBQM2/X

�M 2t�KTH2 Bb b?QrM BM 6B;X "Xk- r?2`2 i?2 `2bmHib Q7 aha K2�bm`2K2Mib QM � #mHF
i2``�+2 �`2 b?QrM- QM r?B+? /If/V T2�Fb �TT2�`X h?2b2 K2�bm`2K2Mib r2`2 i�F2M
QM � >@TH�bK� 2i+?2/ bm`7�+2 �M/ M�MQTBib �`2 +`2�i2/ �i i?2 iQT �M/ #QiiQK �`2�
BM U�VX AM 6B;X "XkU#V- i?2 /If/V K�Tb QM i?2 i2``�+2 �i i?`22 /Bz2`2Mi #B�b pQHi�;2b
�`2 b?QrMX �i i?2 ?B;?2` UV = −84 KoV �M/ i?2 HQr2` UV = −254 KoV pQHi�;2b
QMHv � r2�F bT�iB�H /2T2M/2M+2 Q7 i?2 G.Pa Bb Q#b2`p2/X >Qr2p2`- �i V = −172 Ko-
+H2�`Hv �M BM+`2�b2/ /If/V p�Hm2 r�b K2�bm`2/ BM i?2 +2Mi2` Q7 i?2 i2``�+2X h?2 ahJ
BK�;2 U"XkU�VV `2p2�Hb b2p2`�H #`B;?i bTQib- #mi i?2v �TT�`2MiHv /Q MQi +Q``2bTQM/ iQ
i?2 TQbBiBQM Q7 Q7 i?2 imMM2H bT2+i`mK 72�im`2bX h?2 +QHQ`K�T BM 6B;X "XkU+V b?Qrb
i?2 imMM2H bT2+i`� �HQM; i?2 �``Qr BM U�V- `2p2�HBM; � T2�F BM i?2 +2Mi2` Q7 i?2 T`Q#2/
�`2�X h?Bb Bb MQi /m2 iQ �M 2/;2 bi�i2- bBM+2 Bib BMi2MbBiv BM+`2�b2b 7�`i?2` �r�v 7`QK
i?2 2/;2- �b b22M BM U#VX 6B;m`2 "XkU/V b?Qrb i?2 �p2`�;2 imMM2H bT2+i`� BM i?2 `�M;2
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• Inside the terrace a strong peak appears (~ 175 mV)

(c)

(d)

(a)

(b)

10  nm

10 nm

 45.63 pm
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V = -251 mV

V = -172 mV

V = -84 mV

H
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H
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H
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6B;m`2 "Xk, ahJfaha QM � ~�i i2``�+2 QM 2i+?2/ ;`�T?2M2faB*UyyyRV Ub�KTH2 :RkRj- SiA`
ahJ iBTVX U�V ahJ BK�;2- i?2 /If/V K�Tb BM U#V r2`2 i�F2M BM i?2 #H�+F `2+i�M;H2 �i
i?`22 /Bz2`2Mi V X U+V /If/V +QHQ`K�T �HQM; i?2 #Hm2 �``Qr BM U�VX U/V /If/V +m`p2b Q7
i?2 �p2`�;2b BM/B+�i2/ #v #`�+F2ib �M/ /�b?2/ HBM2b BM U+V rBi? +Q``2bTQM/BM; +QHQ`bX h?2
ahJfaha T�`�K2i2`b �`2 V = −350 Ko- I = M�- Vmod = 3.9 KoX

Q7 U+V #2ir22M 0 MK ≤ x ≤ 5.7 MK U#H�+F +m`p2V- 21.3 MK ≤ x ≤ 31.2 MK UTm`TH2
+m`p2V �M/ 46.8 MK ≤ x ≤ 50 MK U;`�v +m`p2VX AM i?2 i?`22 `2;BQMb- /Bz2`2Mi G.Pa
T2�Fb �TT�`2MiHv �TT2�` BM i?2 ;`�T?2M2 #mHF i2``�+2X h?2 T2�F BM i?2 +2Mi2`- �i �#Qmi
17 MK ≤ x ≤ 36 MK- Bb b?QrM #v i?2 Tm`TH2 +m`p2 �i V = −171.6±3.9 KoX "2vQM/ i?Bb
`�M;2 i?Bb T2�FǶb BMi2MbBiv ;`�/m�HHv /2+`2�b2b �M/ Bi b?B7ib iQ ?B;?2` 2M2`;B2bX �i i?2
TQbBiBQM Q7 i?2 ;`�v +m`p2- i?2 +2Mi2` T2�F ?�b KQbiHv /Bb�TT2�`2/ �M/ /Bz2`2Mi- bK�HH2`
T2�Fb �TT2�` BMbi2�/ �i V = −62.6, 20.6 �M/ 97.9± 3.9 KoX �i i?2 TQbBiBQM Q7 i?2 #H�+F
+m`p2- i?2 2M2`;v@b?B7i2/ +2Mi2` T2�F +QMiBMm2b iQ �TT2�` rBi? � `2/m+2/ BMi2MbBiv- �b
r2HH �b � bK�HH #mKT �i V ≈ 90 KoX

h?2b2 G.Pa 72�im`2b BM/B+�i2 bi�i2b i?�i /Q MQi bi2K 7`QK 2/;2b Q` p�+�M+v bi�i2b
QM i?2 bm`7�+2 ;`�T?2M2 H�v2`- bBM+2 i?2v /Q MQi +Q``2bTQM/ iQ �Mv 72�im`2b r2 Q#b2`p2/
QM i?2 bm`7�+2 #v ahJX AMbi2�/- i?2v K�v #2 `2H�i2/ iQ 72�im`2b i?�i HB2 #2HQr i?2
bm`7�+2 �M/ r2`2 MQi b22M #v ahJX

AM �//BiBQM iQ i?2 bT�iB�H p�`B�iBQMb BMbB/2 #mHF i2``�+2b- i?2b2 G.Pa T2�Fb �HbQ
+?�M;2 bT�iB�HHv +HQb2 iQ ;`�T?2M2 2/;2bX AM 6B;X "XjU�V- i?2 ahJ BK�;2 Q7 �M 2i+?2/
M�MQTBi QM � `Qm;? ;`�T?2M2 `2;BQM �`2 b?QrMX /If/V bT2+i`� r2`2 i�F2M �+`Qbb QM2
M�MQTBi 2/;2 b?QrM BM U�V BM i?2 ?2B;?i T`Q}H2 b?QrM BM U+V �M/ /If/V +QHQ`K�T BM
U/VX h?Bb BM+Hm/2b `2bmHib QM i?2 HQr2` i2``�+2- QM i?2 2/;2 �M/ QM i?2 mTT2` i2``�+2
#mHF `2;BQMX �p2`�;2/ imMM2H bT2+i`� 7`QK i?2b2 i?`22 `2;BQMb �`2 b?QrM BM U/VX AM i?2
#mHF `2;BQM Q7 i?2 mTT2` i2``�+2- � bBM;H2 T2�F +H2�`Hv �TT2�`b 7Q` x > 10 MK �i �i
V = 49.5± 3.6 Ko U#Hm2 +m`p2 BM U/VV- #mi BMi2`2biBM;Hv- Bi /2+�vb BM i?2 pB+BMBiv Q7 i?2

NN
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Grid-mode (16x2 nm*2)
Ug = +0.35 à -0.196 V,  It = 0.04 nA,
Vmod = 3.6 mV,  Vsens = 200 uV

At NP edge (PtIr-tip, 19/12/10)

ULT-STM (T ≈ 2 K) G1213 Line-TS along graphene nanoribbon center
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6B;m`2 "Xj, ahJfaha K2�bm`2K2Mi QM 2i+?2/ ;`�T?2M2faB*UyyyRV �+`Qbb � M�MQTBi 2/;2 �i
T = 2 E Ub�KTH2 :RkRj- SiA` ahJ iBTVX U�V ahJ BK�;2 Q7 � ?2t�;QM�H M�MQTBi QM ;`�T?2M2
BM � `Qm;? bm`7�+2 `2;BQMX U#V >2B;?i T`Q}H2 �M/ /If/V +QHQ`K�T �HQM; i?2 #H�+F HBM2 BM U�V
�+`Qbb i?2 M�MQTBi 2/;2X U+V /If/V bT2+i`� i�F2M �i i?2 TQbBiBQMb Q7 i?2 +B`+H2b BM U�V �M/ i?2
#`�+F2ib �M/ /�b?2/ HBM2b BM U#V rBi? i?2 +Q``2bTQM/BM; +QHQ`bX h?2 .B`�+ TQBMi QM i?2 mTT2`
i2``�+2 Bb 2biBK�i2/ 7`QK i?2 }ii2/ #Hm2 HBM2b iQ #2 �i V = +66.0 ± 3.6 KoX h?2 ahJfaha
T�`�K2i2`b �`2 V = 350 Ko- I = 0.04 M�- Vmod = 3.6 KoX

2/;2X PM i?2 mTT2` i2``�+2 M2�` i?2 2/;2- 7Q` �#Qmi 5 ≤ x ≤ 10 MK- � /Bz2`2Mi G.Pa
T2�F �TT2�`b �i V = 94 Ko U`2/ +m`p2 BM U/VVX h?Bb Bb `2H�iBp2Hv +HQb2 BM 2M2`;v iQ i?2
.B`�+ TQBMi- r?B+? Bb 2biBK�i2/ �i �#Qmi V = 66.0 ± 3.6 KoX h?2 T2�F Bb KQbi BMi2Mb2
�i i?2 2/;2- ;`�/m�HHv /2+�vb rBi? /Bbi�M+2 QM i?2 mTT2` i2``�+2- �M/ /Q2b MQi �TT2�`
QM i?2 HQr2` i2``�+2X h?Bb BM/B+�i2b i?�i i?Bb T2�F �TT2�`b /m2 iQ �M 2/;2 bi�i2- r?B+?
Bb 2tT2+i2/ �i i?2 xB;x�; 2/;2b Q7 i?2 2i+?2/ M�MQTBibX PM i?2 HQr2` i2``�+2- � bK�HH2`
T2�F �TT2�` �i /Bz2`2Mi #B�b pQHi�;2 Q7 V = 112 Ko- i?mb i?2 irQ G.Pa T2�Fb +�M
#2 /BbiBM;mBb?2/ �M/ Bi Bb +H2�` i?�i i?2 T2�F QM i?2 #mHF i2``�+2 /Q2b MQi �TT2�` QM
i?2 2/;2X AMbi2�/- i?Bb T2�F /2+�vb- 2p2M �b i?2 2/;2 bi�i2 BMi2MbBiv ;`�/m�HHv BM+`2�b2b-
bm+? � #2?�pBQ` ?�b #22M +QM}`K2/ M2�` Qi?2` 2/;2b �b r2HHX h?2`27Q`2- i?2 G.Pa T2�Fb
i?�i �`2 Q#b2`p2/ QM M�MQTBi 2/;2b �`2 T`Q#�#Hv BM/B+�iBM; 2/;2 bi�i2b- �b Bb i?2 +�b2
?2`2X

�HQM; i?2 r?QH2 K2�bm`2/ /Bbi�M+2- �M �//BiBQM�H bK�HH /If/V T2�F r�b K2�bm`2/
�i V = 134 KoX aBM+2 i?Bb bK�HH T2�F �TT2�`b BM #Qi? #mHFb �M/ 2p2M r?BH2 i?2 iBT r�b
KQpBM; �+`Qbb i?2 2/;2- i?Bb T2�F Bb mMHBF2Hv iQ i BM/B+�i2b � #mHF Q` �M 2/;2 bi�i2 i?�i
#2HQM;b iQ 2Bi?2` H�v2`X

� /Bz2`2Mi ivT2 Q7 G.Pa T2�F r�b Q#b2`p2/ QM i?2 b�KTH2 bm`7�+2 #27Q`2 2i+?BM; QM
JQB`û bmT2`H�iiB+2b rBi? H�`;2 H�iiB+2 +QMbi�Mib UaMP > 10 MKV- bm+? �b i?2 QM2 b?QrM
BM i?2 ahJ BK�;2b Q7 6B;X "X9U�V rBi? aMP = 11.8 MK U2tT2+i2/ BMi2`@H�v2` `Qi�iBQM
Bb RXk◦VX h?2 aha K2�bm`2K2Mib BM U#V r2`2 i�F2M �+`Qbb b2p2`�H Q7 i?2 #`B;?i JQB`û
bTQib (RkR)X h?2 imMM2H bT2+i`� `2p2�H i?`22 T2�Fb- �i V = −63 Ko- −124 Ko- �M/
−142 Ko- i?2 KB//H2 QM2b +H2�`Hv bK�HH2` i?�M i?2 Qi?2` irQX h?2 T2�Fb BM+`2�b2 �M/
/2+`2�b2 BM BMi2MbBiv 7QHHQrBM; i?2 JQB`Ƕ2 T�ii2`MX h?2 �p2`�;2/ bT2+i`� QM iQT Q7 irQ
�/D�+2Mi �� �`2�b- �M/ QM2 7`QK #2ir22M i?2K Bb b?QrM BM U+VX h?2 T2�Fb �TT2�`
Km+? KQ`2 BMi2Mb2 QM i?2 �� `2;BQMbX 6`QK i?2 bT2+i`mK rBi? bK�HH2` T2�Fb- i?2 .B`�+
TQBMi 2M2`;v Bb 2biBK�i2/- vB2H/BM; � p�Hm2 Q7 V = −113 Ko- r?B+? HB2b #2ir22M i?2
irQ bi`QM;2` T2�FbX h?2b2 irQ bi`QM; G.Pa T2�Fb HBF2Hv �TT2�` #2+�mb2 Q7 p�M >Qp2

Ryy



"Xj G�`;2 1i+?2/ L�MQTBib QM :`�T?Bi2
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STS on a large Moiré pattern, aMP = 11.8 nm, rotation between layers ! = 1.2°

• Several peaks appear near ED , increased intensity on ‘higher’ (AA) region
• Peaks change at Distance ~ 10 nm, but ED unchanged

Apparently related to MP, but origin is not clear, because not expected for vHs:
§ More than two peaks
§ Peak energy changes on same MP

-113 mV

Estimate Dirac point from linear fits of 
dI/dV at higher Ug

W STM tipTS (T ≈ 78 K)  #G1212
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6B;m`2 "X9, ahJfaha K2�bm`2K2Mib �+`Qbb � JQB`û T�ii2`M QM ;`�T?2M2faB*UyyyRV #27Q`2
2i+?BM;X U�V ahJ BK�;2 Q7 i?2 JQB`û `2;BQM �M/ K�;MB}2/ BK�;2 BMbB/2 Q7 Bi- b?QrBM; i?2
TQbBiBQM Q7 U#V i?2 ahJ ?2B;?i T`Q}H2 �M/ /If/V +QHQ`K�TX U+V �p2`�;2/ imMM2H bT2+i`� QM
UQ`�M;2- `2/ +m`p2bV �M/ #2ir22M U#H�+F +m`p2V i?2 �� bi�+F2/ `2;BQMb Q7 i?2 JQB`û T�ii2`MX
GBM2�` }ib Q7 i?2 #H�+F +m`p2 �i ?B;?2` p�Hm2b Q7 V �`2 THQii2/ #v /�b?2/ HBM2bX h?2 ahJfaha
T�`�K2i2`b �`2 V = 300 Ko- I = 0.06 M�- Vmod = 3.0 KoX

bBM;mH�`BiB2b i?�i 2tBbi /m2 iQ i?2 `Qi�iBQM #2ir22M i?2 iQT irQ ;`�T?2M2 H�v2`bX q?BH2
MQi 2t�+iHv bvKK2i`B+ QM i?Bb b�KTH2- i?2B` TQbBiBQM QM #Qi? bB/2b Q7 i?2 .B`�+ TQBMi- �M/
i?2B` BM+`2�b2/ BMi2MbBiv QM i?2 �� `2;BQMb �`2 +QMbBbi2Mi rBi? i?Bb (RR8)X h?2 �//BiBQM�H-
r2�F2` G.Pa T2�F b22Kb iQ #2 `2H�i2/ iQQ- bBM+2 Bi 2t?B#Bib � bBKBH�` bT�iB�H T2`BQ/B+Biv-
#mi Bib Q`B;BM Bb MQi +H2�`X

h?2b2 p�M >Qp2 bBM;mH�`Biv T2�Fb �`2 /Bz2`2Mi 7`QK i?2 T2�Fb i?�i r2`2 Q#b2`p2/ QM
bQK2 #mHF i2``�+2b BM i?�i i?2B` bT�iB�H /2T2M/2M+2 7QHHQrb i?2 T2`BQ/B+Biv Q7 � JQB`û
bmT2`H�iiB+2 �M/ i?�i i?2v �TT2�` BM T�B`b- �b r�b Q#b2`p2/X h?Bb r�b ?Qr2p2` MQi b22M
7Q` i?2 #mHF T2�Fb- r?B+? /B/ MQi b?Qr � bT�iB�H T2`BQ/B+Biv- �M/ mbm�HHv �TT2�`2/ �b �
bBM;H2 T2�FX 6m`i?2`KQ`2- i?2 p�M >Qp2 T2�Fb rQmH/ QMHv �TT2�` M2�`#v i?2 .B`�+ TQBMi
B7 i?2`2 Bb � H�`;2 `Qi�iBQM �M;H2- `2bmHiBM; BM H�`;2 aMPX Ai Bb +QM+2Bp�#H2 i?�i QM2 p�M
>Qp2 T2�F �TT2�`b M2�` i?2 62`KB 2M2`;v- B7 i?2`2 Bb #Qi? � bm{+B2MiHv H�`;2 /QTBM; �M/
� bK�HH2` `Qi�iBQM �M;H2X h?Bb Bb mMHBF2Hv iQ ?�p2 #22M i?2 +�b2- bBM+2 i?2 .B`�+ TQBMi
r�b �Hr�vb Q#i�BM2/ rBi?BM i?2 Q#b2`p2/ bT2+i`�H `�M;2- �M/ #2+�mb2 bK�HH2` `Qi�iBQMb
7Q`K bK�HH2` JQB`û H�iiB+2b i?�i �`2 2�bB2` iQ Q#b2`p2 #v ahJX h?2 #mHF T2�Fb /Bb+mbb2/
?2`2 /B/ MQi Q++m` BM � `2;BQM rBi? � pBbB#H2 JQB`û T�ii2`M- i?mb i?2v �`2 T`Q#�#Hv MQi
`2H�i2/X 6BM�HHv- #mHF T2�Fb �TT2�` #27Q`2 �M/ �7i2` 2i+?BM;- /m`BM; r?B+? i?2 JQB`û
T�ii2`Mb r2`2 `2KQp2/X h?mb i?2b2 T2�Fb �`2 MQi `2H�i2/ iQ BMi2`@H�v2` `Qi�iBQM �M/
Q`B;BM�i2 7`QK � /Bz2`2Mi bQm`+2- r?B+? �`2 TQbbB#Hv /272+i bi�i2b i?�i �`2 BM/m+2/ #v
bi`m+im`2b QM HQr2` H�v2`bX

"Xj G�`;2 1i+?2/ L�MQTBib QM :`�T?Bi2
PM i?2 ;`�T?Bi2 b�KTH2- i?�i r�b 2i+?2/ iQ;2i?2` rBi? i?2 ;`�T?2M2faB*UyyyRV b�KTH2
7Q` t = 10 KBM U�M/ 2i+?BM; T�`�K2i2`b T = 600◦*- PH = 110 S�- WRF = 20 qV- �M
mMmbm�H �`2� r�b Q#b2`p2/- r?2`2 � ?B;? /2MbBiv Q7 ?2t�;QM�H M�MQTBib �TT2�`2/ �HQM;
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"Xj G�`;2 1i+?2/ L�MQTBib QM :`�T?Bi2

H-plasma etching, 
T = 600 ℃, P = 20 W, p = 130 Pa,

t = 10 min

STM of Graphite etched together 
with Graphene/SiC(000-1), 
#G1213:

Room temperature

40 nm

200 nm

(a) (b)

 45.63 pm

 0.00 pm0.0 2.0

 45.63 pm

 0.00 pm0.0                              2.5
Height (nm) Height (nm)

6B;m`2 "X8, ahJ BK�;2b Q7 i?2 bm`7�+2 Q7 ;`�T?Bi2 Ub�KTH2 >PS:@SRkjV i?�i r�b 2i+?2/
#v >@TH�bK� iQ;2i?2` rBi? i?2 ;`�T?2M2faB*UyyyRV Ub�KTH2 :RkRjVX U#V b?Qrb � K�;MB}2/
BK�;2b Q7 �`2� BM/B+�i2/ BM U�V- �M/ b?Qr ?2B;?i T`Q}H2b �HQM; i?2 TQbBiBQM Q7 i?2 �``Qrb /`�rM
BM i?2 ahJ BK�;2bX �HH K2�bm`2K2Mib r2`2 Q#i�BM2/ �i `QQK i2KT2`�im`2 BM �iKQbT?2`B+
+QM/BiBQMbX ahJ T�`�K2i2`b �`2 V = yX8 o- I = yXR M�X

� HBM2 U6B;bX "X8U�VU#VVX h?2b2 r2`2 T`Q#�#Hv +`2�i2/ �HQM; � HBM2 Q7 BMBiB�H /272+ib i?�i
r2`2 T`2b2Mi #27Q`2 2i+?BM;X h?2b2 M�MQTBib r2`2 MQi QMHv mMmbm�H /m2 iQ i?2B` ?B;? /2M@
bBiv- #mi �HbQ /m2 iQ i?2B` H�`;2` bBx2X AM i?Bb mMmbm�H �`2�- i?2 H�`;2bi M�MQTBi /B�K2i2`
r�b �#Qmi j3 MK- r?B+? Bb �#Qmi 8yW H�`;2` i?�M Q#b2`p2/ 2Hb2r?2`2 QM i?Bb ;`�T?Bi2
b�KTH2- #mi p2`v bBKBH�` iQ i?2 /B�K2i2` Q7 i?2 H�`;2 M�MQTBib QM ;`�T?2M2faB*UyyyRVX
aBM+2 bBKBH�` bBx2b r2`2 T`Q/m+2/ QM #Qi? b�KTH2b #v i?2 b�K2 2i+?BM; T`Q+2bb- Bi b22Kb
i?�i i?2 M�MQTBi ;`Qri? `�i2 Bb M2�`Hv B/2MiB+�HX >Qr2p2`- i?2 M�MQTBib QM i?2 2TBi�tB�H
b�KTH2 7Q`K KQ`2 [mB+FHv i?�M QM T`BbiBM2 ;`�T?Bi2X AM 7�+i- i?2 7Q`K�iBQM iBK2 b22Kb
iQ #2 bBKBH�` �b 7Q` i?2 bT2+B�H +�b2 Q7 BMBiB�H /272+ib QM ;`�T?Bi2X h?Bb BM/B+�i2b i?�i
7�bi2` M�MQTBi 7Q`K�iBQM- #mi MQi 7�bi2` M�MQTBi ;`Qri?- �++2H2`�i2b i?2 2i+?BM;X
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�+FMQrH2/;2K2Mib

6B`bi- A r�Mi iQ i?�MF S`Q7X >B`Qb?B 6mFmv�K� 7Q` ;BpBM; K2 i?2 +?�M+2 iQ DQBM ?Bb `2@
b2�`+? ;`QmT- �b r2HH �b 7Q` ?Bb ;mB/�M+2 �M/ /Bb+mbbBQMb rBi? r?B+? ?2 Q7i2M bm++2bb7mHHv
B;MBi2/ Kv +m`BQbBiv iQ i`v bQK2i?BM; M2rX 6m`i?2`- 7Q` ?Bb iB`2H2bb ?2HT �M/ 2M+Qm`�;2@
K2Mib /m`BM; i?Bb rQ`F r?B+? ?2 Bb �Hr�vb rBHHBM; iQ Qz2`X A �K �HbQ ;`�i27mHHv BM/2#i2/
iQ ?BK 7Q` ?Bb p2`v p�Hm�#H2 +QKK2Mib- bm;;2biBQMb �M/ T`QQ7@`2�/BM; Q7 i?Bb i?2bBbX

A r�Mi iQ 2tT`2bb Kv ;`�iBim/2 iQ .`X hQKQ?B`Q J�ibmB- r?Q #mBHi i?2 lGh@aSJ
bvbi2K- i�m;?i K2 BM Bib mb2- �M/ i?�i Q7 K�Mv Qi?2` BKTQ`i�Mi 2tT2`BK2Mi�H i2+?MB[m2bX
>2 TBQM22`2/ i?2 >@TH�bK� 2i+?BM; i2+?MB[m2 �M/ Tm`bm2/ i?2 b2`B2b Q7 rQ`Fb QM 2i+?2/
;`�T?2M2 xB;x�; 2/;2b i?�i A +QmH/ DQBM �M/ i?�i 2p2Mim�HHv +mKmH�i2/ BM i?Bb QM2X 6Q`
i?2 QTTQ`imMBiv iQ +QMi`B#mi2 iQ i?Bb T`QD2+i A �K /22THv BM ?Bb /2#iX A �K ;`�i27mH �b
r2HH 7Q` ?Bb p�Hm�#H2 +QKK2Mib QM i?Bb i?2bBbX

A i?�MF S`Q7X _vQ a?BK�MQ 7Q` �++2TiBM; K2 �b � bim/2Mi BM ?Bb i2�K /m`BM; Kv H�bi
b2K2bi2`- bQ i?�i A +�M r`Bi2 i?Bb i?2bBbX

Jv bT2+B�H i?�MFb ;Q iQ S`Q7X a?mDB >�b2;�r�- S`Q7X E2MbmF2 EQ#�v�b?B- S`Q7X
a?BM;Q E�ibmKQiQ- S`Q7X Pb�Km am;BMQ �M/ S`Q7X 6mKBQ EQKQ`B 7Q` `2pB2rBM; i?Bb
rQ`F �M/ T`QpB/BM; p�Hm�#H2 +QKK2MibX

6m`i?2`KQ`2- A i?�MF >B/2FB a�iQ- 7Q` ?2HTBM; iQ H�v Qmi i?2 ;`QmM/rQ`F i?�i i?Bb
rQ`F #mBH/b mTQM �M/ E�xmK� EBi�- 7Q` ?Bb rQ`F iQ BKT`Qp2 i?2 >@TH�bK� 2i+?BM;
i2+?MB[m2X Jv ;`�iBim/2 ;Q2b iQ _vmDB L�F�Km`� �M/ CmM lb�KB- 7Q` i?2B` 7`B2M/b?BT-
bmTTQ`i �M/ K�Mv HQM; /Bb+mbbBQMb /m`BM; b?�`2/ K2�HbX

A �HbQ i?�MF i?2 Qi?2` 7Q`K2` K2K#2`b rBi? r?QK A b?�`2/ Kv iBK2 BM 6mFmv�K�
H�#Q`�iQ`v, .`X E�xmFB L�F�v�K�- 7Q` i2�+?BM; �M/ H2iiBM; K2 T�`iB+BT�i2 BM ?Bb 2t@
T2`BK2Mib- .`X J�b�?B`Q E�K�/�- E�ibmvQb?B P;�r�- J2;mKB �pB;�BH uQb?BiQKB �M/
L�QK�b� amxmFB- 7Q` i?2B` bmTTQ`iX A �HbQ r�Mi iQ i?�MF o�H2MiBM� 1`2KBM� �M/ S�mH
uBHBM GBm- r?Q /m`BM; i?2B` `2bT2+iBp2 i2`Kb �b 2t+?�M;2 bim/2Mib r2`2 ?2HT7mH �M/ +m@
`BQmb �M/ K�/2 i?2 H�#Q`�iQ`v � KQ`2 BMi2`2biBM; TH�+2 iQ #2X A rQmH/ HBF2 iQ i?�MF
S`Q7X a�iQb?B Jm`�F�r�- i?2 K2K#2`b Q7 Jm`�F�r� H�#Q`�iQ`v �M/ �bbiX S`Q7X a�+?BFQ
L�F�Km`� 7Q` i?2B` p�`BQmb �/pB+2 �M/ ?2HTX JQ`2 ;2M2`�HHv- A r�Mi iQ i?�MF �HH i?2
H�#@K2K#2`b 7Q` +`2�iBM; � 7`B2M/Hv �M/ BM+HmbBp2 2MpB`QMK2Mi BM i?2 H�#Q`�iQ`vX

A r�Mi iQ �+FMQrH2/;2 i?2 }M�M+B�H bmTTQ`i #v i?2 lMBp2`bBiv Q7 hQFvQ 62HHQrb?BT-
i?�i �HHQr2/ K2 iQ +QM+2Mi`�i2 7mHHv QM i?2 b+B2MiB}+ rQ`FX

6BM�HHv- A rQmH/ HBF2 iQ i?�MF Kv T�`2Mib �M/ Kv }�M+û- r?Q K�/2 Bi TQbbB#H2 7Q`
K2 iQ HBp2 BM C�T�M- 7Q` i?2B` mM7�BHBM; bmTTQ`i �M/ 2M+Qm`�;2K2Mi i?`Qm;?Qmi i?2 H�bi
}p2 v2�`bX h?Bb rQmH/ MQi ?�p2 #22M TQbbB#H2 rBi?Qmi i?2KX

Ryj
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(R) GX _�/mb?F2pB+? �M/ oX GmFv�MQpB+?- _mbbB�M CQm`M�H Q7 S?vbB+�H *?2KBbi`v �
ke- 33 URN8kVX

(k) aX ABDBK�- L�im`2 j89- 8e URNNRVX

(j) >X qX E`QiQ- CX _X >2�i?- aX *X PǶ"`B2M- _X 6X *m`H- �M/ _X 1X aK�HH2v- L�im`2
jR3- Rek URN38VX

(9) SX _X q�HH�+2- S?vbB+�H _2pB2r dR- ekk URN9dVX

(8) EX aX LQpQb2HQp- �X EX :2BK- aX oX JQ`QxQp- .X CB�M;- uX w?�M;- aX oX .m#QMQb-
AX oX :`B;Q`B2p�- �M/ �X �X 6B`bQp- a+B2M+2 jye- eee Ukyy9VX

(e) EX aX LQpQb2HQp- �X EX :2BK- aX oX JQ`QxQp- .X CB�M;- JX AX E�ibM2HbQM- AX oX
:`B;Q`B2p�- aX oX .m#QMQb- �M/ �X �X 6B`bQp- L�im`2 9j3- RNd Ukyy8VX

(d) uX w?�M;- uX@qX h�M- >X GX aiQ`K2`- �M/ SX EBK- L�im`2 9j3- kyR Ukyy8VX

(3) �X *X L2iQ- 6X :mBM2�- LX JX S2`2b- EX aX LQpQb2HQp- �M/ �X EX :2BK- _2pB2rb Q7
JQ/2`M S?vbB+b 3R- RyN UkyyNVX

(N) >X �QFB �M/ JX aX .`2bb2H?�mb- S?vbB+b Q7 :`�T?2M2 UaT`BM;2` a+B2M+2 � "mbBM2bb
J2/B�- kyRjVX

(Ry) JX 6mDBi�- EX q�F�#�v�b?B- EX L�F�/�- �M/ EX Emb�F�#2- CQm`M�H Q7 i?2 S?vbB+�H
aQ+B2iv Q7 C�T�M e8- RNky URNNeVX

(RR) uX LBBKB- hX J�ibmB- >X E�K#�`�- EX h�;�KB- JX hbmF�/�- �M/ >X 6mFmv�K�-
�TTHB2/ am`7�+2 a+B2M+2 k9R- 9j Ukyy8VX

(Rk) uX LBBKB- hX J�ibmB- >X E�K#�`�- EX h�;�KB- JX hbmF�/�- �M/ >X 6mFmv�K�-
S?vbB+�H _2pB2r " dj- y389kR UkyyeVX

(Rj) uX EQ#�v�b?B- EX 6mFmB- hX 1MQFB- EX Emb�F�#2- �M/ uX E�#m`�;B- S?vbB+�H _2pB2r
" dR- RNj9ye Ukyy8VX

(R9) oX JX S2`2B`�- 6X :mBM2�- CX JX "X GQT2b /Qb a�MiQb- LX JX _X S2`2b- �M/ �X >X
*�bi`Q L2iQ- S?vbB+�H _2pB2r G2ii2`b Ne- yje3yR UkyyeVX

(R8) >X G22- uX@qX aQM- LX S�`F- aX >�M- �M/ CX um- S?vbB+�H _2pB2r " dk- Rd99jR
Ukyy8VX

Ry9
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(Re) uX@qX aQM- JX GX *Q?2M- �M/ aX :X GQmB2- S?vbB+�H _2pB2r G2ii2`b Nd- kRe3yj
UkyyeVX

(Rd) uX@qX aQM- JX GX *Q?2M- �M/ aX :X GQmB2- L�im`2 999- j9d UkyyeVX

(R3) JX *?2M �M/ JX q2BM2`i- S?vbB+�H _2pB2r " N9- yj89jj UkyReVX

(RN) JX qBKK2`- AX �/�;B/2HB- aX "2`#2`- .X hQK�M2F- �M/ EX _B+?i2`- S?vbB+�H _2pB2r
G2ii2`b Ryy- Rddkyd Ukyy3VX

(ky) 6X JmƢQx@_QD�b- CX 62`M�M/2x@_QbbB2`- �M/ CX S�H�+BQb- S?vbB+�H _2pB2r G2ii2`b
Ryk- Rje3Ry UkyyNVX

(kR) :X wX J�;/�- sX CBM- AX >�;vK�bB- SX o�M+bƦ- wX Pbp�i?- SX L2K2b@AM+x2- *X >r�M;-
GX SX "B`Q- �M/ GX h�T�bxiQ- L�im`2 8R9- ey3 UkyR9VX

(kk) SX _m{2mt- aX q�M;- "X u�M;- *X a�M+?2x@a�M+?2x- CX GBm- hX .B2M2H- GX h�HB`x- SX
a?BM/2- *X �X SB;M2/QHB- .X S�bb2`QM2- �M/ hX .mKbH�z- L�im`2 8jR- 93N UkyReVX

(kj) *X h�Q- GX CB�Q- PX oX u�xv2p- uX@*X *?2M- CX 62M;- sX w?�M;- _X "X *�T�x- CX JX
hQm`- �X w2iiH- aX :X GQmB2- �M/ >X .�B- L�im`2 S?vbB+b d- eRe UkyRRVX

(k9) _X u�M;- GX w?�M;- uX q�M;- wX a?B- .X a?B- >X :�Q- 1X q�M;- �M/ :X w?�M;-
�/p�M+2/ J�i2`B�Hb kk- 9yR9 UkyRyVX

(k8) GX sB2- GX CB�Q- �M/ >X .�B- CQm`M�H Q7 i?2 �K2`B+�M *?2KB+�H aQ+B2iv Rjk- R9d8R
UkyRyVX

(ke) :X .B�MFQp- JX L2mK�MM- �M/ .X :QH/?�#2`@:Q`/QM- �*a L�MQ d- Rjk9 UkyRjVX

(kd) .X >m;- aX wB?HK�MM- JX EX _2?K�MM- uX "X E�HvQM+m- hX LX *�K2MxBM/-
GX J�`Qi- EX q�i�M�#2- hX h�MB;m+?B- �M/ .X JX wmK#Ƀ?H- MTD k. J�i2`B�Hb
�M/ �TTHB+�iBQMb R- R UkyRdVX

(k3) hX J�ibmB- >X a�iQ- �X 1X �K2M/- EX EBi�- �M/ >X 6mFmv�K�- h?2 CQm`M�H Q7
S?vbB+�H *?2KBbi`v * Rkj- kkee8 UkyRNVX

(kN) sX w?�M;- PX oX u�xv2p- CX 62M;- GX sB2- *X h�Q- uX@*X *?2M- GX CB�Q- wX S2@
/`�K`�xB- �X w2iiH- aX :X GQmB2- >X .�B �M/ JX 6X *`QKKB2- �*a L�MQ d- RN3
UkyRkVX

(jy) uX GB- qX w?�M;- JX JQ`;2Mbi2`M- �M/ _X J�xx�`2HHQ- S?vbB+�H _2pB2r G2ii2`b
RRy- kRe3y9 UkyRjVX

(jR) PX oX u�xv2p- _X "X *�T�x- �M/ aX :X GQmB2- S?vbB+�H _2pB2r " 39- RR89ye UkyRRVX

(jk) GX 1X 6X hQ``2b- aX _Q+?2- �M/ CX@*X *?�`HB2`- AMi`Q/m+iBQM iQ :`�T?2M2@"�b2/
L�MQK�i2`B�Hb U*�K#`B/;2 lMBp2`bBiv S`2bb- kyR9VX

(jj) JX aX .`2bb2H?�mb �M/ :X .`2bb2H?�mb- �/p�M+2b BM S?vbB+b 8R- R UkyykVX

(j9) GX LX a`Bp�bi�p�- :X >2- _X JX 622Mbi`�- �M/ SX CX 6Bb?2`- S?vbB+�H _2pB2r " 3k-
kj89ye UkyRyVX

Ry8
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(j8) SX LX 6B`bi- qX �X /2 >22`- hX a2vHH2`- *X "2`;2`- CX �X ai`Qb+BQ- �M/ CX@aX JQQM-
J_a "mHH2iBM j8- kNe UkyRyVX

(je) sX um- *X >r�M;- *X JX CQxrB�F- �X Eƺ?H- �X EX a+?KB/- �M/ �X G�Mx�`�- CQm`M�H
Q7 1H2+i`QM aT2+i`Qb+QTv �M/ _2H�i2/ S?2MQK2M� R39- Ryy UkyRRVX

(jd) JX L�BiQ?- JX EBi�/�- aX LBb?B;�FB- LX hQv�K�- �M/ 6X a?QDB- am`7�+2 _2pB2r �M/
G2ii2`b Ry- 9dj UkyyjVX

(j3) 6X o�`+?QM- SX J�HH2i- GX J�;�m/- �M/ CX@uX o2mBHH2M- S?vbB+�H _2pB2r " dd-
Re89R8 Ukyy3VX

(jN) GX AX CQ?�MbbQM- aX q�i+?�`BMv�MQM- �X w�F?�`Qp- hX A�FBKQp- _X u�FBKQp�- �M/
*X oB`QD�M�/�`�- S?vbB+�H _2pB2r " 39- Rk89y8 UkyRRVX

(9y) CX >�bb- _X 62M;- CX JBHH�M@PiQv�- sX GB- JX aT`BMFH2- SX LX 6B`bi- qX .2 >22`-
1X *QM`�/- �M/ *X "2`;2`- S?vbB+�H _2pB2r " d8- kR9RyN UkyydVX

(9R) JX aT`BMFH2- .X aB2;2H- uX >m- CX >B+Fb- �X h2D2/�- �X h�H2#@A#`�?BKB- SX G2 6ĕp`2-
6X "2`i`�M- aX oBxxBMB- >X 1M`B[m2x- �M/ aX *?B�M;- S?vbB+�H _2pB2r G2ii2`b Ryj-
kke3yj UkyyNVX

(9k) .X GX JBHH2`- EX .X Em#Bbi�- :X JX _mii2`- JX _m�M- qX �X /2 >22`- SX LX 6B`bi-
�M/ CX �X ai`Qb+BQ- S?vbB+�H _2pB2r " 3R- Rk89kd UkyRyVX

(9j) hX u�K�m+?B- hX l2/�- JX L�BiQ?- aX LBb?B;�FB- �M/ JX EmbmMQFB- BM CQm`M�H Q7
S?vbB+b, *QM72`2M+2 a2`B2b UAPS Sm#HBb?BM;- kyy3V- pQHX Ryy- TX y3kyydX

(99) :X S`�F�b?- JX �X *�T�MQ- JX GX "QH2M- .X w2KHv�MQp- �M/ _X :X _2B72M#2`;2`-
*�`#QM 93- kj3j UkyRyVX

(98) GX "X "B2/2`K�MM- JX GX "QH2M- JX �X *�T�MQ- .X w2KHv�MQp- �M/ _X :X _2B72M@
#2`;2`- S?vbB+�H _2pB2r " dN- Rk89RR UkyyNVX

(9e) qX@uX *?BM; �M/ SX _mHBb- 1H2+i`QMB+ ai`m+im`2 J2i?Q/b 7Q` *QKTH2t J�i2`B�Hb,
h?2 Q`i?Q;QM�HBx2/ HBM2�` +QK#BM�iBQM Q7 �iQKB+ Q`#Bi�Hb UPt7Q`/ lMBp2`bBiv S`2bb-
kyRkVX

(9d) *X "2`;2`- wX aQM;- sX GB- sX qm- LX "`QrM- *X L�m/- .X J�vQm- hX GB- CX >�bb-
�X LX J�`+?2MFQp- 1X >X *QM`�/- a+B2M+2 jRk- RRNR UkyyeVX

(93) sX qm- sX GB- wX aQM;- *X "2`;2`- �M/ qX �X /2 >22`- S?vbB+�H _2pB2r G2ii2`b N3-
Rje3yR UkyydVX

(9N) .X GX JBHH2`- EX .X Em#Bbi�- :X JX _mii2`- JX _m�M- qX �X /2 >22`- SX LX 6B`bi-
�M/ CX �X ai`Qb+BQ- a+B2M+2 jk9- Nk9 UkyyNVX

(8y) CX >�bb- 6X o�`+?QM- CX@1X JBHH�M@PiQv�- JX aT`BMFH2- LX a?�`K�- qX �X /2 >22`-
*X "2`;2`- SX LX 6B`bi- GX J�;�m/- �M/ 1X >X *QM`�/- S?vbB+�H _2pB2r G2ii2`b
Ryy- Rk88y9 Ukyy3VX

Rye
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(8R) uX CX aQM;- �X 6X Pii2- uX EmF- uX >m- .X "X hQ``�M+2- SX LX 6B`bi- qX �X .2 >22`-
>X JBM- aX �/�K- JX .X aiBH2b- �M/ �X >X J�+.QM�H/- L�im`2 9ed- R38 UkyRyVX

(8k) uX@JX GBM- *X .BKBi`�FQTQmHQb- .X "X 6�`K2`- aX@CX >�M- uX qm- qX w?m- .X EX
:�bFBHH- CX GX h2/2b+Q- _X GX Jv2`b@q�`/- *X _X 1//v C`- �X :`BHH- �TTHB2/ S?vbB+b
G2ii2`b Nd- RRkRyd UkyRyVX

(8j) qX �X .2 >22`- *X "2`;2`- sX qm- JX aT`BMFH2- uX >m- JX _m�M- CX �X ai`Qb+BQ-
SX LX 6B`bi- _X >�//QM- "X SBQi- �M/ *X 6�m;2`�b- CQm`M�H Q7 S?vbB+b ., �TTHB2/
S?vbB+b 9j- jd9yyd UkyRyVX

(89) EX oX 1Kib2p- 6X aT2+F- hX a2vHH2`- GX G2v- �M/ CX .X _BH2v- S?vbB+�H _2pB2r "
dd- R88jyj Ukyy3VX

(88) hX C�v�b2F2`�- aX sm- EX qX EBK- �M/ JX "X L�`/2HHB- S?vbB+�H _2pB2r " 39-
yj899k UkyRRVX

(8e) SX G�mz2`- EX 1Kib2p- _X :`�mTM2`- hX a2vHH2`- GX G2v- aX _2b?�MQp- �M/ >X q2#2`-
S?vbB+�H _2pB2r " dd- R889ke Ukyy3VX

(8d) �X GmB+�M- :X GB- �M/ 1X uX �M/`2B- S?vbB+�H _2pB2r " 3j- y9R9y8 UkyRRVX

(83) �X LX aB/Q`Qp- EX :�bFBHH- JX "mQM;BQ`MQ L�`/2HHB- CX GX h2/2b+Q- _X GX Jv2`b@
q�`/- *X _X 1//v C`- hX C�v�b2F2`�- EX qX EBK- _X C�v�bBM;?�- �X a?2`2?Bv- �M/
�X ai�HH�`/- CQm`M�H Q7 �TTHB2/ S?vbB+b RRR- RRjdye UkyRkVX

(8N) :X JX _mii2`- LX :mBbBM;2`- CX *`�BM- 1X C�`pBb- JX .X aiBH2b- hX GB- SX 6B`bi- �M/
CX �X ai`Qb+BQ- S?vbB+�H _2pB2r " de- kj89Re UkyydVX

(ey) 6X PrK�M �M/ SX J´`i2MbbQM- am`7�+2 a+B2M+2 jeN- Rke URNNeVX

(eR) SX J�HH2i- 6X o�`+?QM- *X L�m/- GX J�;�m/- *X "2`;2`- �M/ CX@uX o2mBHH2M- S?vbB+�H
_2pB2r " de- y9R9yj UkyydVX

(ek) aX q�i+?�`BMv�MQM- *X oB`QD�M�/�`�- CX PbB2+FB- �X w�F?�`Qp- _X u�FBKQp�-
_X l?`#2`;- �M/ GX AX CQ?�MbbQM- am`7�+2 a+B2M+2 ey8- Reek UkyRRVX

(ej) *X _B2/H- *X *QH2iiB- hX Ar�b�FB- �X w�F?�`Qp- �M/ lX ai�`F2- S?vbB+�H _2pB2r
G2ii2`b Ryj- k9e3y9 UkyyNVX

(e9) hX J�ibmB- >X E�K#�`�- uX LBBKB- EX h�;�KB- JX hbmF�/�- �M/ >X 6mFmv�K�-
S?vbB+�H _2pB2r G2ii2`b N9- kke9yj Ukyy8VX

(e8) aX PMQ- CQm`M�H Q7 i?2 S?vbB+�H aQ+B2iv Q7 C�T�M 9y- 9N3 URNdeVX

(ee) 6X :mBM2�- �X *X L2iQ- �M/ LX S2`2b- S?vbB+�H _2pB2r " dj- k989ke UkyyeVX

(ed) .X hQK�M2F- aX :X GQmB2- >X CX J�KBM- .X qX �#`�?�K- _X 1X h?QKbQM- 1X :�Mx-
�M/ CX *H�`F2- S?vbB+�H _2pB2r " j8- ddNy URN3dVX

(e3) aX JQ`QxQp- EX LQpQb2HQp- 6X a+?2/BM- .X CB�M;- �X 6B`bQp- �M/ �X :2BK- S?vbB+�H
_2pB2r " dk- kyR9yR Ukyy8VX

Ryd



"B#HBQ;`�T?v

(eN) JX JX l;2/�- AX "`B?m2;�- 6X :mBM2�- �M/ CX JX :ƦK2x@_Q/`ő;m2x- S?vbB+�H _2@
pB2r G2ii2`b Ry9- yNe3y9 UkyRyVX

(dy) oX JX S2`2B`�- CX JX "X GQT2b /Qb a�MiQb- �M/ �X >X *�bi`Q L2iQ- S?vbB+�H _2pB2r
" dd- RR8RyN Ukyy3VX

(dR) CX GX G�/Q- LX :�`+B�@J�`iBM2x- �M/ CX 62`M�M/2x@_QbbB2`- avMi?2iB+ J2i�Hb kRy-
8e UkyR8VX

(dk) LX S2`2b- 6X :mBM2�- �M/ �X *X L2iQ- �MM�Hb Q7 S?vbB+b jkR- R88N UkyyeVX

(dj) EX L�F�/�- JX 6mDBi�- :X .`2bb2H?�mb- �M/ JX aX .`2bb2H?�mb- S?vbB+�H _2pB2r "
89- RdN89 URNNeVX

(d9) 1X oX *�bi`Q- LX S2`2b- �M/ CX GX /Qb a�MiQb- 1SG U1m`QT?vbB+b G2ii2`bV 39- RdyyR
Ukyy3VX

(d8) 1X *X aiQM2`- S`Q+22/BM;b Q7 i?2 _Qv�H aQ+B2iv Q7 GQM/QMX a2`B2b �- J�i?2K�iB+�H
�M/ S?vbB+�H a+B2M+2b TTX jdkĜ9R9 URNj3VX

(de) LX .X J2`KBM �M/ >X q�;M2`- S?vbB+�H _2pB2r G2ii2`b Rd- RRjj URNeeVX

(dd) PX oX u�xv2p �M/ JX E�ibM2HbQM- S?vbB+�H _2pB2r G2ii2`b Ryy- y9dkyN Ukyy3VX

(d3) SX 1b[mBM�xB- �X a2ix2`- _X >ƺ?M2- *X a2KK2H?�+F- uX EQT2H2pB+?- .X aT2K�MM-
hX "mix- "X EQ?Hbi`mMF- �M/ JX Gƺb+?2- S?vbB+�H _2pB2r " ee- yk99kN UkyykVX

(dN) uX w?�M;- aX@uX GB- >X >m�M;- qX@hX GB- CX@"X ZB�Q- qX@sX q�M;- GX@CX uBM- EX@EX
"�B- qX .m�M- �M/ GX >2- S?vbB+�H _2pB2r G2ii2`b RRd- Ree3yR UkyReVX

(3y) PX oX u�xv2p �M/ GX >2HK- S?vbB+�H _2pB2r " d8- Rk89y3 UkyydVX

(3R) qX CB�M;- uX@uX u�M;- �M/ �X@"X :mQ- *�`#QM N8- RNy UkyR8VX

(3k) GX SBb�MB- CX *?�M- "X JQMi�M�`B- �M/ LX >�``BbQM- S?vbB+�H _2pB2r " d8- ye99R3
UkyydVX

(3j) EX a�r�/�- 6X Ab?BB- JX a�BiQ- aX PF�/�- �M/ hX E�r�B- L�MQ G2ii2`b N- keN UkyyNVX

(39) CX CmM; �M/ �X J�+.QM�H/- S?vbB+�H _2pB2r " dN- kj89jj UkyyNVX

(38) *X GX E�M2 �M/ 1X CX J2H2- S?vbB+�H _2pB2r G2ii2`b N8- kke3yR Ukyy8VX

(3e) CX CB�M;- qX Gm- �M/ CX "2`M?QH+- S?vbB+�H _2pB2r G2ii2`b RyR- k9e3yj Ukyy3VX

(3d) wX S�M �M/ _X u�M;- CQm`M�H Q7 *�i�HvbBb Rkj- kye URNNyVX

(33) GX CB�Q- sX q�M;- :X .B�MFQp- >X q�M;- �M/ >X .�B- L�im`2 L�MQi2+?MQHQ;v 8-
jkR UkyRyVX

(3N) >X a�iQ- J�bi2`Ƕb i?2bBb- lMBp2`bBiv Q7 hQFvQ UkyR8VX

(Ny) EX EBi�- J�bi2`Ƕb i?2bBb- lMBp2`bBiv Q7 hQFvQ UkyR3VX

Ry3



"B#HBQ;`�T?v

(NR) _Qi�`v TmKT, :G.@kyR"- lGo�* EAEP- AM+X

(Nk) 1H2+i`B+�H 7m`M�+2, Abmxm a2Bb�Fmb?Q Gi/X

(Nj) _6 ;2M2`�iQ`, hsyj@NyyR@yy- �.h1* SH�bK� h2+?MQHQ;v *QX- Gi/X

(N9) _6 K�i+?BM; #Qt, �Jo@kyy>J- �.h1* SH�bK� h2+?MQHQ;v *PX- Gh.X

(N8) 1X .2bTB�m@SmDQ- �X .�pv/Qp�- :X *mM;2- �M/ .X "X :`�p2b- SH�bK� *?2KBbi`v
�M/ SH�bK� S`Q+2bbBM; je- kRj UkyReVX

(Ne) �X >�`T�H2- JX S�M2bB- �M/ >X "X *?2r- S?vbB+�H _2pB2r " Nj- yj89Re UkyReVX

(Nd) uX EQ#�v�b?B- EX@BX 6mFmB- hX 1MQFB- �M/ EX Emb�F�#2- S?vbB+�H _2pB2r " dj-
Rk89R8 UkyyeVX

(N3) �X .�pv/Qp�- 1X .2bTB�m@SmDQ- :X *mM;2- �M/ .X :`�p2b- CQm`M�H Q7 S?vbB+b .,
�TTHB2/ S?vbB+b 93- RN8kyk UkyR8VX

(NN) "X CX qQQ/ �M/ >X qBb2- h?2 CQm`M�H Q7 S?vbB+�H *?2KBbi`v dj- Rj93 URNeNVX

(Ryy) AX >Q`+�b- _X 62`M�M/2x- CX :QK2x@_Q/`B;m2x- CX *QH+?2`Q- CX :ƦK2x@>2``2`Q- �M/
�X "�`Q- _2pB2r Q7 a+B2MiB}+ AMbi`mK2Mib d3- yRjdy8 UkyydVX

(RyR) >X E�K#�`�- hX J�ibmB- uX LBBKB- �M/ >X 6mFmv�K�- _2pB2r Q7 a+B2MiB}+ AMbi`m@
K2Mib d3- ydjdyj UkyydVX

(Ryk) �X 1X �K2M/- J�bi2`Ƕb i?2bBb- h?2 lMBp2`bBiv Q7 hQFvQ UkyRdVX

(Ryj) .X *X EBK- .X@uX C2QM- >X@CX *?mM;- uX qQQ- CX EX a?BM- �M/ aX a2Q- L�MQi2+?@
MQHQ;v ky- jd8dyj UkyyNVX

(Ry9) �X 1X �K2M/- hX J�ibmB- >X a�iQ- �M/ >X 6mFmv�K�- 2@CQm`M�H Q7 am`7�+2 a+B2M+2
�M/ L�MQi2+?MQHQ;v Re- dk UkyR3VX

(Ry8) :X G22 �M/ EX *?Q- S?vbB+�H _2pB2r " dN- Re899y UkyyNVX

(Rye) �X *`2biB- 6X P`iK�MM- hX GQmp2i- .X o�M hm�M- �M/ aX _Q+?2- S?vbB+�H _2pB2r
G2ii2`b RRy- RNeeyR UkyRjVX

(Ryd) EX a�b�FB- aX Jm`�F�KB- �M/ _X a�BiQ- �TTHB2/ S?vbB+b G2ii2`b 33- RRjRRy UkyyeVX

(Ry3) JX uX >�M- "X ƹxvBHK�x- uX w?�M;- �M/ SX EBK- S?vbB+�H _2pB2r G2ii2`b N3-
kye3y8 UkyydVX

(RyN) sX GB- sX q�M;- GX w?�M;- aX G22- �M/ >X .�B- a+B2M+2 jRN- RkkN Ukyy3VX

(RRy) oX "�`QM2- PX >Q/- �M/ :X 1X a+mb2`B�- L�MQ G2ii2`b e- kd93 UkyyeVX

(RRR) AX :X Ap�MQp- CX lX >�bb�M- hX A�FBKQp- �X �X w�F?�`Qp- _X u�FBKQp�- �M/
1X C�MxûM- *�`#QM dd- 9Nk UkyR9VX

(RRk) _2~2+i�M+2 K�Tb +Qm`i2bv Q7 :`�T?2MbB+ �"X

RyN



"B#HBQ;`�T?v

(RRj) CX s?B2- EX a�iiH2`- JX :2- �M/ LX o2MF�i2br�`�M- S?vbB+�H _2pB2r " 9d- R83j8
URNNjVX

(RR9) .X amM- CX _BQmt- CX aBT2- uX wQm- JX hX JB?M2p- *X "2`;2`- qX �X /2 >22`- SX LX
6B`bi- �M/ hX "X LQ``Bb- S?vbB+�H _2pB2r " 38- Re89kd UkyRkVX

(RR8) AX "`B?m2;�- SX J�HH2i- >X :QMx�H2x@>2``2`Q- :X hX .2 G�Bbb�`/Bĕ`2- JX l;2/�-
GX J�;�m/- CX :ƦK2x@_Q/`ő;m2x- 6X uM/m`�BM- �M/ CX@uX o2mBHH2M- S?vbB+�H _2pB2r
G2ii2`b RyN- RNe3yk UkyRkVX

(RRe) aX "�;+?B- >X CQ?MbQM- �M/ >X *?2r- S?vbB+�H _2pB2r " RyR- y89RyN UkykyVX

(RRd) �X 1X �K2M/- hX J�ibmB- >X >B#BMQ- �M/ >X 6mFmv�K�- C�T�M2b2 CQm`M�H Q7 �T@
THB2/ S?vbB+b 83- aAA�Rj UkyRNVX

(RR3) uX Jm`�i�- JX h�F�Km`�- >X E�;2b?BK�- �M/ >X >B#BMQ- S?vbB+�H _2pB2r " 3d-
Re89y3 UkyRjVX

(RRN) uX Jm`�i�- hX *�p�HHm++B- oX hQxxBMB- LX S�pHBÍ2F- GX :`Qbb- :X J2v2`- JX h�F�@
Km`�- >X >B#BMQ- 6X "2Hi`�K- �M/ aX >2mM- L�MQ _2b2�`+? RR- 3e9 UkyR3VX

(Rky) *X 1X :Bmb+�- aX CX aT2M+2`- �X :X a?�`/- _X u�FBKQp�- �M/ PX E�x�FQp�- *�`#QM
eN- kkR UkyR9VX

(RkR) .X qQM;- uX q�M;- CX CmM;- aX S2xxBMB- �X JX .�aBHp�- >X@wX hb�B- >X aX CmM;- _X
E?�D2?- uX EBK- CX G22- �M/ aX E�?M- S?vbB+�H _2pB2r " Nk- R889yN UkyR8VX

RRy


	Introduction
	Graphene
	History of graphene
	Graphene nanoribbons with zigzag edges

	Motivation
	Outline of the Thesis

	Theoretical and Experimental Knowledge of Graphene
	Properties of Graphene
	Physical properties of graphene
	Electronic properties of graphene
	Epitaxial graphene on SiC
	Graphite surface

	Graphene Zigzag Edge State
	Zero-energy modes in graphene
	Theory of the graphene zigzag edge state
	Experimental results of graphene zigzag edge states

	Graphene Zigzag Nanoribbon
	Theory of the spin-polarized edge state
	Experimental results of graphene zigzag nanoribbons

	Hydrogen Plasma Etching

	Experimental
	Hydrogen Plasma Etching
	Sample preparation technique
	Hydrogen plasma etching parameters

	Scanning Tunneling Microscopy and Spectroscopy

	Results on H-plasma Etched Graphite Surface
	Sample Preparation
	Scanning Tunneling Spectroscopy Observation of Graphene Zigzag Edge States
	Surface characterization
	Isolated zigzag edges
	Edge state decay

	Scanning Tunneling Spectroscopy Observation of Graphene Nanoribbons Edge States
	Observations of the spin-splitted edge state
	Nanoribbon width dependence of the splitting energy
	Comparison with theory of spin-splitted edge state

	Electronic Suppression on Graphene Nanoribbons
	Summary of Chapter 4

	Results on H-plasma Etched Graphene/SiC(0001)
	Sample Preparation
	Surface Characterization
	Before etching
	After etching

	Scanning Tunneling Spectroscopy Observation of Graphene Zigzag Edge States
	Scanning Tunneling Spectroscopy Observation of Graphene Nanoribbon Edge States
	Summary of Chapter 5

	Results on H-plasma Etched Graphene/SiC(0001)
	Sample Preparation
	Elevated Terraces on the Etched Sample
	Nanopits on the Etched Sample
	Summary of Chapter 6

	Conclusions
	Appendices
	Correction of Drift for Scanning Tunneling Spectroscopy Data
	Graphene/SiC(0001)
	Comparison of H-plasma Etching Trials
	Tunneling Spectroscopy on Bulk Graphene/SiC(0001)
	Large Etched Nanopits on Graphite

	Acknowledgements
	Bibliography

