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Formation of carbon chain in single-walled carbon nanotubes by X-ray
irradiation and following thermal annealing
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We have found that a peak at 1870 cm™ was grown by thermal annealing of the X-ray
irradiated SWCNT. The thermal annealing of SWCNT at 450 °C under argon
atmosphere reduced the intensity of the D band, which is related to the defect in
graphene wall, and simultaneously the peak at 1870 cm™ was grown. The 1870-cm™
was ascribed to one-dimensional carbon chain (ODC) in previous reports. The growth
temperature was much lower than that reported. The ODC growth is closely related to
diffusion of interstitial carbon atoms. We suggested that the ODCs are formed at
favorable sites based on the comparison of the 2D Raman scattering images measured
at G band and ODC peak.

1. XL ®HIC

Hg s —ARrF /) F=2—7 (SWCNT)
X777 v—rEHFERIZLE
HEZEHEnim, E3IEumDOPWETHD .|
e — WL IR ok U 72 BRI O
EHLTWD, FriZ, BRI &
FHRMEIE KA T Do, G
MTENIEXT VA XOE LT A A
ELToRENEFIND, SWCNT
(SR 2 4= S A 3 D -9 =g cY hai )

Rz R L TEENZLT 25, [1]
S BT, T~ BGELY GBS X D RAT
2B | XHEREE R R B X BE MRS K 0 |
WAReR 7 Lo st (225l & ¥ 1 [H
A DOXT)ThdEEZX NS, [2,3]

BT = — I K DR DO YRR
WCEBT D E, BT =— LR 2
WICRRET D Z & TR & g S
EHHLR T MEIR TR 2 v RedE
N, ARAFTE TlE, XHRas i K s 2 8

RERICINT S5 Z L ITWNEETH 508,

o4 X EEE AR (X)) ORIz LY
SWCNTIZ K HEATE, S HIZED

AN L7ZSWCNT % £k & 72 iR E TV =
— /L, I UEHELOHIEICLIVEDS
NHARYT M EFEBRSBIZE LT,

377



ZTORR, T~ AT PO
1870cm i1 12, SWCNTH 3 TlE 722\
Ly —7 2822 L, WEDE
LTS E, Zovr—r ORFEILKR
ORI (RFH) THLHEEZ
bid,

2. RER

SWCNT (&= v MMz fvwC, =
Z ) — )V RFEIR & T DR HERR L
IZ X o T bIEME D> Y 2 U Fifk ki
i 800 °C THEEMR Sz, [4] X ##
FREHZ X D RIEEANIT, BB & kiR =R
WHRIL B CE Lz, X i~
2T LD Kot (1254 €V) Z iz,
X #RHEST L 7= SWCNT i, Ar FPHR CT—
ERFE T ==V v T 24T o7, ZOT =
— U U7 FETIE, AR A 30 4712 [E
EL, HBEE BTN T =— L&y
W L7z (150°C 225 700°C), FALEL% D
REHT, T~ UHGEL O EIEIC IV EHME L
7o BRELOFEEINI 22 AT SOV DOIEEIT,
JASCO NRS-3100 D A7 A% U,
TS UMEO L (T
v 71%) 1%, WITec alpha300SRA+IZ &
DT —HINE LT, ZOEETIET~
~ v B 7B LR UALE O EEBIR G %
JE -/ BEEE (AFM) (IZ X VW BET&
%o 7 —7 Ykl v AT A 3EZ 532 nm
Z Rz,

LIBRLEER

B 112 X R & 150 225 700 °C
TET =—/L L7= SWCNT DT < o A<
7 hVv®D G /N K (~1600cm) & DN
¥ R (~1350 em?) fFEDART ML %

D-band . .
Pristine
l —

| Irradiated
Annealed

300°C
330°C
v
C

JSU‘J\_‘

Intensity (arb. units)

1200 1400 1600 1800
Raman Shift (cm-l]
1 X BBEmMBELORT =— L1
(300-700°C)D SWCNT D T~ > A7 kL

T, G ANV RIRRFER T OANAETH
EENCENT 22— ThHY, D N R
WXRENTFEL TWAEARICEHNS E—
RThb, 7~ UL G N FTHE
fEL7=, XHBEHZZ VR L7 D N
REREENET =— Lz k0 | a2 RT,
BIRTT=—AT25Z LIk, (ZIEH
BT AT MV L [EEEO R E F TR
T 5, ZORERIT, X BEHIZL-TE
A ST RMaS, R RTREZR R e, 372
OO RIF T & EHANTHD Z L E2R
LTW5b,

BT = — LR T, 450 °C D2, 1870
em! fHEIZH - e — 7 BB TS Z
EMbD, ZOVY—7 1 3iEEEEZE
A THRCAEICBIETE, S HIT 532
nm (2.3 eV)DJihie L7=FF i b 7~ i
FEMIRL 72 DB AR LT, BED
R R L ik T 5L, ZOE—27 DL

378



0164 © ¢

012 1

AD/G

008 1 o0

0.04

0.16 +
0.12 +
0.08 + *

004 1 ¢ .

O
~—
(]
I~
[ 4]
—

0 4
0 200 400

600 800
Annealing temperature (°C)

2 X BRHH D SWCNT O =— LR
FEIZXET 5 ADIG 1 L O Liso/G D 2L

& &R EE, B —R
T Fa—TNORFZHBIC, ZEI—
R ) Fa—TOEERERT =—/L
WFE TR T 5 RFHElDO T~ v —2
EFLLL CTWAZ EnbnDd, Leho
T, X MBEXRMBOEAT =— k> T
BFLULBR LY — 27 13REHB K TH
2 ATHEPEAS R,

2127 =— VIR 5 ADIG (G
Ny RIZHT 5 DS ROFE R DZEAL,
) & lgolG (G /X Rickld % 1870cm™
DIRFBHH KO E— 7 OMELL) &R~ T,
AD/G % 200°CFEEE 584> L, 600 °C
BRECHDIFIFEIE L, 2ED, X
MR I o (B4 45 (3R 1% 600°CRE
Thole, o, RFEHB KO —27 N
SIIZHE R Lig® 5% 350CI%, AD/G @
PAV B DS i b R & VO BE RIS RIS L
1R SR SE T R D - [ SR D JE OB AR | %

3 X MG LU 450°C TR =— 1
L7ZSWCNT T ~vr~ v B 7, (a)G N
VR, (b)D Sy R, (c)BES(1870cm™) b — 2
DIvr~y BT TH D,

BB L WD Z EaRd, £72, 2
DE—7 1T 4J00°CREE CTHRAEE & -7
%, LA EOIREE CIIfR-emIziid L,
700 CHEETHRE LTz, Z D —7 X
REBEN IR LT Z SRS L TR,

379



SFRIBFEOVEME L= R L —(3 0.9 eV &
RHEEDZ EMTE D,

WIZ, IRBEHDERNLEIZDONTHE 2
LT, Ivr~y B 7 BEINE L,
KITvoE—r TR LT, X313 X #
R B LW 4B0CTAT =— L L1
SWCNT #BtD 7~ o~y B 7B TH
5. (@I G N R, ()X D N R, (¢)
ITIRFHOE - RE T~y B TG %
TERL LTz, T~ VB8 D @O I X
TIEHHLSERTIN TS, G N FD
~ v B2 7 ClE SWCNT DOFEEIZ)G Uiz
EEIMEEE M LT-BIZ/-o TR,
B2 WERAIIBEE N E S L BEWES T
IV, SWCNT OEEILFHRNIC AFM #1142
WEVHERLTEBY, G AU FDOT~v»
vy BTG E RIS L TS, D A
Y RO~y B TBIT G N REIFIEF
C7EotzZ E0n, X BRI E
MNHNTREWE 2> L 2R LT
W5, —hHT, REFEHEDEFDOI~v 2~
BB TIE, GBIOD AN REX
L Bip sl irot-, ZOBOEN
X, RFEHH SWCNT IR TIEA L,

TEDEITC D IIEIRTER T 5 2 & &
RIZLTW5,
4.F LD

SWCNT WD X #afiEE Kz 27 =—
VD2 L TSWCNT fsk & 137 o 7=
e T~ B — 2 % 1870cm™ Tz HY
BRI 2 RHLE, ZOFEIX, @
EOXERE BT 5 L IRFHICHKT S
EEZBND, TORFHIL, 350°CREE
ORI CIERIT & | 700°CLLE Iy
WT D Eenbhnolz, SHIZ

R A=V

~y B TBOMATIC LY . Z DRFEH
mswmnﬁﬂ¢®%m@%h (2D I
ENDZ LMooz, SWCNT DLk
REREH DTN FLVDOEERAE R Y
MEEEL TV D AR ZET b b,

VL EDOFEFR IS SWCNT (2445 X
BRI L BT —— LA GbE D 2 b
THHOKFE TS ) HEEERPEERTE 5 2
LRI,

[1] C. Ttoh et al Nucl. Instr. Meth. B 266

(2008) 2772,

[2] T. Murakami, et. al, Eur. Phys. J. B 86

(2013) 187

[3] T. Murakami, et. al, J. Appl. Phys. 114
(2013) 114311.

[4] T. Murakami, et. al, Jpn. J. Appl. Phys.
47 (2008) 730.

[5] X. Zhao et. al., Phys. Rev. Lett. 90,
187401 (2003)

[6] M.Endo, et. al., Small 2, 1031 (2006)

380





