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1-4 Structural models of carbon nanotubes.
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Table 10.1: Basis Functions for Point Groups D,,4 and Numbers of Raman

and IR Active modes. ; 94—
Basis functions Dn Cn/a Achiral Chiral Chlr_al? 7 (j: 15,
Ll g v 2% 2541 (2j,2j) others (n,m) AchiralFa1—27[L16K
(z* + y=,2%) Ay Ay A 4 3 4 - =}
AR R, Al A (0) (1) (4) AN S L kS
IR
(zz,yz)R (z,v) Ei B E 4(7) 6(5) 5(5)
(Rz, Ry)
(z? — y2,.ry)R Eo E, E, 8 6 6
Total BN — 4 16(7) 16(6) 15(9)

Numbers without and with parentheses denote the numbers of Raman and IR active modes,
respectively.

The superscripts F and ', respectively, denote Raman-active and infrared-active modes.
for armchair nanotubes (even n = 25 with D, symmetry)!
TP = 4A1g + 2414 + 4Azg + 249, + 2By,
+4B1u + 2B2y + 4By, + 45y, + 8Ey, + 8E,,
tdelloy oo b Aoy BB a8y
for zigzag nanotubes (even n = 25 with D, symmetry):
T3 = 3A1, +3A1u + 342, + 34,
+3B1y + 3B1y + 389, + 3Ba,
+6E1, + 6Eyy + 65, + 6By,

o BBy + 6EG 1y

For armchair and zigzag nanotubes (odd n = 2j + 1 with D,.4 symmetry):
TYR = 341, + 341, + 345, + 345,

+6E1g + 6E1u + GEzg + 6E2u

+ Y 8B, + 6E;,.

Agg 1587cm’! Ez, 1591cm™

For chiral nanotubes:

ik [19] R. Saito, Physical properties of carbon nanotubes, (Imprial
IN"=6A+6B +6E +6E;+---+6En/3_;. College press), (1998)
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Fig. 10.2: Plot of the observed Raman frequencies for several
different single-wall carbon nanotube samples, prepared with dif-
ferent catalysts under different growth conditions yielding differ-
ent mean nanotube radii 7: (a) Fe/Ni (r = 0.55 nm), (b) Co
(r = 0.65 nm), and (c) La (r = 1.0 nm). The dashed lines are
theoretical LO and TO energy dispersion curves for graphite along
I'—M as a function of ¢ and ¢/2 for n = 1 and n = 2 (first har-
monic vibration), respectively. Solid dots and the symbol ‘T’ cor-
respond to the observed frequencies of the peaks and shoulders in
the Raman spectra, respectively [202].
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Fig. 9.7: (a) The calculated phonon dispersion relations of an
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[19] R. Saito, Physical properties of carbon nanotubes, (Imprial College press), (1998)
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Table I, Theoretical and experimental values for
the location of the conduction band minimum and the
prineipal band gaps of diamond. Except for the I'y; -
Ay gap which was determined using absorption mea-
surements, all experimental splittings were obtained
only from plots of the imaginary part of the frequency
dependent dielectric function.

Theory Experiment
(eV)& (eV)2
Aminimum (0.77,0,0) (0.76 £.02,0,0)P
Typr-0y 5.4 5.48C
Tysr-T'ys 7.3 7.3d.@
X4-X, 12.9 12.3-12.65,d, €
Ly-Ly 10.9 9.5-10.5%9: €
Tagr=Tyg 16.5 16-17f,€

Except for Aminimum-

bp, J. Dean, E. C. Lightowlers, and D, R. Wright,
Phys. Rev. 140, A352 (1965).

€C. D. Clark, P. J. Dean, and P, V, Harris, Proc.
Roy. Soec. (London) A277, 312 (1964); C. D. Clark,
J. Phys, Chem. Solids 8, 481 (1959).

> > dRef, 2.
L=2T(%%%)  T=270,00 x=27(,0,0) (Ref. 4.
LRef, 1.

FIG. 1. The electronic band structure of diamond.

[26] W. Saslow, et al., Phys. Rev. Lett., 16, 354, (1966)
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12 vibrational modes = A2u + Elu + A2u + E1lu + 2E2g + 2B1
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[29] M.S.Dresselhaus, G. Dresselhaus, Lattice mode strucuture of \
graphite intercalation compounds, (1979) B 194 8192

[30] T. Enoki, M. Suzuki, M. Endo, Graphite Intercalation Compounds and

Applications, (Oxford), (2003)



HOPG
=ECETER D AR R dn

ROMRFEZMETTE
mET S A

abmE X Z A>TV
LNASCER A A (X2

24 X
‘{f/ AHTLVS

RAREE
BELGEMBERENEE
Ne5EEH5

Q

7574+ —Fk

R)ASFO— EEBNIES S
EHOPGREIBkcEH A R IZZE Ao 1=
B —MNTES

PGST ST 7A o — T EFI )
554=74(h2H)

GO 5
Ty a1 28R

FRIB TR AT R RO B
AT ORRERT S
Efl\"f‘n AR

minm [t TEEREMH



EERIEEY

RAF—T 3 25— 2 AT

—

o o 0{_} : ::::lé$§)

/o006 o0 e -9

BREIEEMDcE AR DY R UERL(E
FORDFREEHITINE Ic ERED

Ic (A) =ds+3.35 (n-1)

2F—S



ZHAKRGEYT 57714

R-3m (166)

a=24612 A

¢ =10.062 A
A
B
C
A

a) AB stacking (hexagonal) b) ABC stacking (rhombohedral)

Fig.5 graphite structure of a) AB stacking (hexagonal) and b)
ABC stacking (thombohedral)



<~ IZ¥BLT
FH5

HEIZRL £5—M@E
TEES < [T¥5BLT

< EED

I

e E D R ZH AR A



Hh—RTS5vH

i $oby (T
KGEL(3~5

#
.,.-"'"'-i—'T.-' ~ :T.‘-_:_
A - -
."'.-:'."-\.'l ||.I'|'_.r“"' J,-‘;:a—_-\—.. :'_"'.
o My Il"-"'".-".. -. o Ty M

el 3 "\-\.\_\_:":- -
R
PRI
I
M L R
e =T A b

Ehr L
AR II—™ M7

I

NN/ ) Sk

T3 7 o4l FHLE<2nm)
= A V4L Znm<#MfLIE<S0nm)
T 7 a4l (#ILE >50nm)

[ AW AT ) 0 £aahi 5 K DAL o KT

SRSk RRE ERaERR

Graphitizing carbon (Soft carbon) Non-graphitizing carbon (Hard carbon)

— -
===
et = =
s IS =
e ===

T’////—
\
I

y
[
El?&
4
N /32/“} \k)

BiE
FEBLT (BSU)

Ilt\g

=

== =" =
ST

=\\\\\\\ ]

AL L HE

L= =

TS

Y
::"‘d—"‘

‘ I//\(\};L@\\\\j\-@ﬁ\\fg

& == = = w2 W=\

SN é/%/f//’—a N =N

(F QT - BEEMRAM, BEEHEY o .
(1984) p.33.) 2.7 SRR

IN—R AR )TN h—RY

N
J
-
a
|
<t
::
af
2z
G
i
%
=i
o
&
i
b
|
7
&
|
E
S



2 oML D IEIE | i RN

e A K

XRD |
fn1EE P1

¥ 500000%t #

lm
L]

e
B

Kt

¢

A\

ES
o ¥ mOx » >

[

SOERR do, o

Raman
RIE: 15/1, I

B3. 14 FERBEHMFHI OO TOREMLIE Py & T RIHE dooe O HIMIBI R

[34] &3k - D— AR T7I) ——FENE N D LHRME LT OFHE, FéE BEX. (7J R&E). (2001)



=int.

Pzel(hk) =

E Pl

KmF?(1 + cos?20)
4sin 0 (sin? 8 — sin? 6, )%>

_ (sin® 6 — sin® 6,)%52d,,,
> A

2 1
F2 = 4f2 cos? n(gh + §k)

An(hk) = (exp2mi(Xnh + Ynk))

NHCEf AL 7= 2 D O 8 PR: EMFIZTFNTLEIESE
DT NIZTDNT PO MR

[T SRE A BT
AL IZdh HMERPLE

Pn+ :Xn:2/3~ Yn:1/3—‘fhf[4\éﬁ€$
P, : X,=-2/3. Y,=-13Fh TSR

_ 2 1
An(hk) =P °+ (P, " +Pn ) cos 27r(§ h + §k)

_l_ —
P,=(P; +P,; )



_———iRKIb

AN SN

\\ N
7 fei )

~IE

st

AT 1 7 vl RIHLEE< 20m)
i =R T A V4L (2nm<MFLIE<50nm)
' A ~< 7 a4l (4LFE>50nm)

ﬁﬁ%[{$ [ AW AT A 0 daain 45 & DSRIHL O R
=R IR 7|<7fa‘ )
S (I—H .. —> kRt —> HFUE

#ﬁiﬂ‘a‘(?:/—)bﬁﬂa ) s o
KSR X EDIRFEAS, B
R IX R B EEED R ELT
Husk (4} FZ) :

//// — STVEE R EALE AR DI
RIBHAEE)ABRREE

LL

= Shell: —HBDRFZTIRMYRLZET
IhEEH W“Bl HMAERITS
RIZT S

/////

OO F &/ —LHF X RESHATFELNSGED,
IN—LHF[ZEFE2~3cm



H—HR D71\ —

(b) aenff o { = i v 72 Wy i~ oo Sk

PANZREEYFRIZKA

Bl BRGEDRE
BMETHLE—IL A

g Sl L b A

NDEEY)

A et (i Kk 1b) AL EE - fwdE IR %
ROE=OICRFILEDFIZEE
WMIBZITI. COERIEIZEYRR
%}Sfiﬁ%tb%ﬁé’@?&ﬁi’lt'l‘it

p, SR I fon rit 7 40 ol s
1 s b

i PAN R o 45 hlk e

SO F R
|

Jffi.‘—"}f«‘-ﬁd'(féﬁ?

VAT
Ol 3
A |
'-'I.'ll_/_\ % |i_.|
TR L
=l

He PANARAMHOGKEED (3] . AR AP, REMHE L. (1996)



H—R TS99

1) $ly [ -
0~C H H MR G~5
) H
Y A
H 'S ] N LN H |T:|‘“-
H | LA l_.f'~--~.|, I H 20nm
H Y Y Y Y 1 L

(a) BV s
(40~ 10051)

($F H

By . B EMOILEE T4,

(b)DEEAXR(COEERERDIEE
@:té—‘%h%’ﬁ‘-vtb@:tl:

EE)
>5nm . ‘,i"" -
|
|

10~ e

5

2
21
-

(f, \ K y 100nm *,, 100 ~
|£§ Xy L L”r . o o00nm
/rnl};r’ = T Y —! ,."'h‘
Wgﬂf' .1 . L 40~140nm
N R R |
0.34~0.48nm Lo e Y

(b) KT DM (¢) AR

(100~ 100047 1)
A=K T T 97 O

NS (1990) p.95.)



H—R TS99

b —— (AW T7—F R
(ryFzoTS5vY)
RSEEPRIGE
o KARHTDA —— FoR)LTSus
* . .
*H TLFL — 7EFLOTSVH
(B, RED
Zo % N

RKADAR —— H—<ILTS5vs
(—RABFEIK)

ryFxo T BERIET7—RRITSVIEERMIZEL, EEEICENS,

4R C 95~99%
0 ~1%
H 0.3~0.7%
S ~0.7%
[R5 ~1.0%



/ \—I:jj—/ \9
JINh—RY

l

OA—JRGE

5 Ba bRz
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Non-graphitizing carbon (Hard carbon)
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{Tri—constituent co—assembly method ]
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