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Carbon nanotubes and nano-graphite are called as nano-carbons made of graphene skeleton. Resonant
Raman spectroscopy is a powerful tool to investigate the special electronic and phonon structures
of nano-carbons. Although Raman spectroscopy has been used for characterizing carbon materials
for long years, the origin of some weak Raman spectra is not always clearly understood. The recent
progress of Raman spectroscopy has provided a new concept such as double resonance Raman theory
for the undefined spectra observed not only in nano-carbon but also in conventional carbon materials.
Especially single nanotube spectroscopy becomes a standard technique in which we measure with no-

contact, at room-temperature and ambient pressure.
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BEDF ) Fa—7 (1, 2] OHFRTIX, T/ Fa—7 1 RKEEY HLUTREET A RESAT B
ERBATORTWS, 7/ Fa—T3RAOBRBR NI PR F—BELN, T AV iz ERIE
Inm OHEEE (AND, NOR, Memory) Z{ER L7z LW HEMR 2001 ED My 7 Lizoiz 3], EE
Blnm OH—RrF ) Fa—T7% [REI] &32&, EEYo—T7HEMSE (FFEE: scanning probe
microscope SPM, £Z& b > F/VBEMSE STM (scanning tunneling microscope), JEF 7 EE#ME AFM
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REBTREOBITNICE T, T/ Fa—TOBEXRETDHZ LIRS LI (4], kT~ rmkix, £
BURRFMEEZRESD2ETRUES FETH D, AR THEEX ORFOWEBN» LR T < o HHICH
THF /=R OHFLVERERET S,

=Ry F ) Fa—T7REEIK Inm, &EBK lum OBHMEAEHEONETHD (Fig. 1)1
BEOFLMIZEZETH B, I—RrF /) Fa—71 Si BEEOBAEEL Y R 100 5D 1 <HVHEL
RERAEEOFLIHE TH D, EHIBEELREND T ) Fa— T OMNFREDEHEIL LT, 20
BEFHENSRBICLLEEICLRZVED LV IMIZEEZRVEEEZ b, ZOIENCHEICEL OIEA
PREIN, TORFEAEPEREOMHELZ R LI LR, FLOVRR~OKRERELEFRLETE, T/
Fa—T OEBPLREZOFEIISENIERIRIZEY . AR TRETERI O LHEBT DDICLER
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Fig. 1 Single wall carbon nanotubes. The ends of nanotubes are
capped by the fullerene hemispheres. (a) armchair nanotube (b)

zigzag nanotube, and (c¢) chiral nanotube.

2 F/Fa—TOUKEEENSE

2, 3BT ) Fa—-TOUKBELBEFRELMRT S, BHOREII4E KBRS U OH~REZ L
BTED,

F) Fa—TREED 000 FEUA EORIEFOABE CHY ~RkTBRKLEXOND, T/ Fa—7
EHRTABBEIERR (FT 774N ORFBEFETHD, T/ Fa—TORERFERL, AFBTFE
BEEOEBEESEL Lo L ThD, MEEO—HEEBMEE (Fig. 2) TETLEFK (OAB'B) itk
2. OA ZFREICHEYT 50, OB 2HEfEMAERICE DI MR TESD, OB & AB o4 EMHEED
TEAZIZT OB AB HBRTEDFITRTHVEFLIIEMRRATZDLDINDT, OB L AB &#F&
OYIAN 2 OOROAEIZEILTRCHICRZ Z EE2FA L, REFADT OA 2 RNFEFOERET
Ry hvay, ay TRETHE. OA = nag + mag = (n,m) PE T2 DD (n,m) T—o>DF )/
Fa—TDOSMEHEEETZENTED (Fig. 2), Fig. 21 (4,2) OF /) F2—TThb, 20X
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Fig. 2 The unrolled honeycomb lattice of a nanotube. OA is the

equator of a nanotube and OB corresponds to the translational

vector of the one dimensional material.

By connecting OB to

AB’, we can make a cylindrical shape. OAB’B is a unit cell of the

nanotube. Figure corresponds to (4,2) chiral nanotube and there

are N =28 hexagons in the unit cell.

HERED D ETYERT LI,

[F ) Fa—7 OSEREI (n,m) TREB) LVWH 2L ThHS, i

(BT B BIZARIT 2> TS (Table 1), OA % 7 CEHUEERE d, XREV . F/ Fo—T 8k ROHE
) OB=T b. n,m OBMKY LTRE B, F ./ F =2 —7 O LIBEEE (n, m) &S 5,
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Table 1 Parameters for CarbonNanotubes.®

symbol name formula value
a length of unit vector a=V3ac_c =249 4, ac_c=1444A
: V3 1 V3 1 ,
ap,as unit vectors —=]a, | —,—= | a x,y coordinate
22 2 2
reciprocal  lattice 1 2 1 2
by, by P —, ) —W, (—,—1) il ks, k, coordinate
vectors V3 a’ \V3 a
Cy, chiral vector Cp =na; +mas = (n,m), (0<|m|<n)
L length of Cj, L =|Ch| =avn? + m?2 +nm
ds diameter dy = L/m
3
9 chiral angle sinf = V3m o<l <t
2v/n% +m? +nm 6
2n+m V3m
cosf = , tanf =
2vn2 +m2 + nm 2n+m
d ged(n,m)?)
d if (n —m) is not multiple of 3d
dr ged(2n +m2m +n)»  dp = if ( )i PR
3d if (n —m) is multiple of 3d
T translational vector T = tja; + taag = (t1,12) ged(ty, t2) = 19
2m+n 2n+m
1= ——, t2 = —
dr /3 dr
3L
T length of T T=|T= -
Number of o R2
n° +m° +nm
N hexagons in the N = ( i )

nanotube unit cell.

°) In this table n, m, t1, t2, p, q are integers and d, dg N and M are integer functions of these
integers.

b) ged(n, m) denotes the greatest common divisor of the two integers n and m.

3 EFRE SEMEKTHI L

T/ Fa—TOBFRE., BEECLIOTHRESFMICEAREREGL LD, LEEPoTH/ Fa—7
DFEF EOWEIHEBRGTH Y . ARE (N E) Thd, (E: FEFEOBFORIE, —BORSE L
ETBE L/n(n=1,...,N) OERZHD, Lo T (EE) = 2n/(ER) 1T k ZHM TSR (2n/d;,
n=1,...,N, d FEE) IXHFEETS) ., ZI7T, NIZENRE (OAB'B)DFD 6 AFOETH S (Table
1), Fig. 2 OBPAITIIN =28 ik h, —FEBFRAOBBITEFENTH S (—n/T <k < /T, T i385
BOEE, Fig. 2 ® OB), 7/ Fa—7 O NEO L KTZRIAE—AV Rk, 2KRTSF 774 bOTF
NFX—BEGRE. FREFAICHEYE T 2HECFm BBt L THELND,
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Fig. 3 Three dimensional plot of valence () and conduction (7*)
energy bands of two dimensional graphite. At the K points of
two dimensional Brillouin zone, the 7 and 7* bands touch to each
other. Thus two dimensional graphite is a zero-gap semiconduc-
tor.

2RI T 77 A OEBFREBIIFEZICHERET, MEFF (r S F) LEEHR (n* AU F) LT 5 ED
¥y y THEERTHD, LD 2ODTFLF—RU RRET AL, 6 AKOTILT VEBOAD K
BRI THD (Fig. 3)e TD2KETT 774 POEBEBFREZHBILTEZZ LT, 2RIEEXALF -V
FEERRBIZE D Z LIxied 22, In QK !) DK SE@BIBELELRVEENELOND, K
REBDBEVERT, BORVWBERIF Y v TOHBYEHFFT /) Fo—T124 5, Fig. 41T (k) ®ics
BOT—bF=T7F ) Fa—7, FEEDHED (D) DA TAVRG(F) V7Y 7+ Fa—T7DEFOR
Re I (FEEE: BEROER LImRERH =RV F—TENSHOWEET I ER LR, 8% D(F) %
7213 DOS L EMLD, ) 27T,

ERF ) Fa—ToHE, TN IxFA¥— (Fig. 4 TE =0) TORBEENFRTHEIZLNEE
THD, TROL 2RILTT7 774 MIT7 2V I T RAF— TR EBERIT kIZLH (E o |k
BMIESH) L, RIEEE (D(E) < |[E)) 37 2 VI ZXAF—TOWRD, LIZANHEET /) Fa—TI2F
2. RILHESBTHLIREOBSIIREEEN 7 2 LI =X VF—CHRIZA2S (Fig. 4 k), 2D
LORF IV F2—TReBTHD1DITIL. 1 KIEEEBAENTH D, —FHFEEEDFEIZIE, 723
TANF—TIZIRNF—F ¥ v IRELD, FIRICLD EEEE (n,m) Tn—m 2 3 OFHOE T
&R/ T, 3 OERTRVWESICIE $EE&THD, FIXIE (6,6), (12,0), (10,10) IT&BTH Y. (8,3),
(11,0), (11,4) iIZ¥ B AR TH D, FHEEDBEIIL, ZRXLF—F ¥ v TOKE E (0~1eV) iTF¥EBITKE
Bly s, 7/ Fa—TOTRNF—Fyr o 7L EROBRIT, RLrEICLo T 1991 FICERNICTHA
L [5]. 1998 £FiZ Wildoer 23 A b R /VBUEEE / 4% (STM/STS) THEEL 7= [6],
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Fig. 4 Electronic density of states for (up) Metallic armchair nan-
otube, (middle) semiconducting chiral nanotube, and (bottom)
semiconducting zigzag nanotube. The right figures show corre-
sponding lattice structures.

N D1 RTEDTFAF =Ny ROV T, RIBEER 1/VE — B, CRET27 7 vk—T4%
Rk (FFEE: WHORTHICE > T, REBEEOECBEIARERTIHEMDOZ L2 T 7 i —T BRM
LEUN RBERI TRV —OILE T AT RRBALIES, 1RTTIZ1/VE, 2 KETIRASY
R CARERZ2E( (A(E), BB, MoK, v FRRTHERH (log|E|). 3 KT/ SUK
WTVE, NV FRFRTUYVE Bdd, BREDEORTERAD LELRS ZOEENEDNS, ) %
B, o TF /) Fa—TORBEEIZ. 77 VE—THREERDITRVTF PRI RATF— Y FOW
EHEIAHD (Fig. 4) ZOHEAORTRRNPEE D L, S FORNDOERR Y v — T 2RI AN
7 IAB/OND, KOBRUMEBETD L, 72 Iz F—2F 0 LTHHRGRR LE; BT
WP E D, ZOFBANDORIEFRANT ) Fa—THICEITTH D, EARESICIINNORRE] -

By i3, FATRBAEDZRIAVF—ERDUT E; LEL, &B0RT ) Fa—TDE,; & EM, ik
F ) Fa=TFDE; ® ES LY, By & ANERTFAXF-BHELVE X, EBFUPRRELND,
COFRBEMALTHELILLEDT ) F2—T7 OREICRI Lz (4],

4 FTI/Fa-—TOHRBSTUHR

TR LIT, REMEEOHEEERTTY + ) v (BFHEE) L (Stokes) ¥ 7 13MRIX (Anti-Stokes)
TEPRTHY, MAKDZIAF LT b T4 ) VOZXAF—%F, WEOWMEEMRITT 23
BThB, BICARE (FI3EDL) O XX — BB ORI () (YT 32X —08BA_IC
. T VBREENIERIB OB AT 1000 FREKRE RS, ThEEET < 2R (resonance Raman
effect) & &3, (F: &b, RAKEBMAFonA FE2BHTIL., @BRME FICELE) ) Far-T7
DT BREREFIC(A0D10F L BVDONTWVWD) REL 2 REWMT < ) (surface enhanced
Raman spectroscopy. SERS) 72 &B#b T3, )

BETHRALEIIRT )  Fa—T0BFREEEL. 77 U F—7BRERH Y, BRANCLY 7=
VSRR — TR RAFORIGRE S, TOZRAX—2 E; B ) Fa—T D (n,m) DE
WEoTRRAZEHFRALT, WAWAR (n,m) DEBRELLZT /  Fa—T70RIIHEZHTTH, B
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RENCHBT DT ) Fa—T D72 ARY MEFTERDIIENTES, LV —0DEEEZZEAA
BTBEELDT ) Fa—TDARY PEBBIENTES [7), 1998 FEICHHIZ. ZOBBT RLF—
D E; Bx0AVA% (n,m) OEICE LT, BEEd, OB#E LT ry FLE (Fig. 5(a)[8l. #heh
DA (n,m) D EY|, Esy, EM| Eg,, ... T3 (S: flﬁ’ffﬁ: M: &8 F=2—7), —2® (n,m) &3t L Ey;
DETR L FEROPFITHE LR EIZRND, Led>Thk & 2idFig. 5(a) T1.58V O L—¥3%k
R LT, 1.0nm OERDT ) F2—7 ThiL Es, THEEF ) Fa—TORIEBTHLENIENT
DTT7nbRABILD, l4nm OEEOERE T / F2—7ThHhNiE 1.9¢V O L—FKiHBT 5, Fig.
5(b) D 3AKDARY bUE Si BAR LAWK LZT ) Fa—T 0wl s 0Iv o BHASY bk 3 BF
TRELEFERTH D 4], T/ F2—7 OEENIRE T 5 E— F (radial breathing mode, RBM) #HIE
L7z, 310cm™! OF— KX Si BEROKIEBOC— 7 THOHB LT ) Fa—T7 DO — 7 3 F I ILEK
%, RBM DOEEREITFEIZKILH wrpm = 248/di[cm ™ 2 DT, ¥ROKE X dy[nm] & HB %
TeF Al b (n,m) ERENTETSH S [4],

(b)
a0
164(8)
— (11,11)
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Fig. 5. (a) The values of E;; are plotted for possible (n,m) val-
ues as a function of the diameter d;. (Kataura’s plot). S: Semi-
conducting, M: Metallic nanotubes. (b) Three Raman spectra
of radial breathing modes for three single wall carbon nanotubes
observed at three different locations. Assigned (n,m) values are
listed. The mode at 310cm™! are non-resonant mode of the Si
substrate which can be used for calibration of the intensity.

HEWHERZOIX, RALEROERT ) Fa—T7 L REES ) Fa—T TR INF-BE2 R
e THB, Fig. 5 Thb»2LH, ALEBEDEZAZZRAF—DEWVIEI NPEHTVL &, ¥
WikF ) Fa—TDEY, ES,, DVWTCERT ) Fa—T70EN, TORICEVRERF ) Fa—T D Es,
Ef,, PWT&BT /) Fa—7 0 EM R8N 9], Thbid kTR LBRMEOWa 2 K AOMED
EZEBOMCEL->TRED LD TH D, LEBR-TERT v/ HH TR, ¥HESF ) Fa—TLERT
S Fa—T DAY bVESELTRTE S [10], EROICIL, €8 (F#EE) S/ Fa—-TThHhdIL
i 1550cm ™ fHEICERN D TR Z2Z hAThD Breit-Wigner-Fano (BWF) /S» FREND (B
2WV) T TR TE S (11,
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5 HBFHELHBTIOEX

KHOBIRIZHB L TT 2 U RENRESBRIONKEBRT v R TH D, ZOHBEHEE L RL¥—
HRTITKT L, (1) AFPETHIBT 284 & (2) BELLTHRBTHBED 2 >DBAVH 5.

1st Order 2nd Order
(a1) (b1) q (b2)
Incident i k+q
Resonance *
i [}
k
(a2)
q
Scattered
Resonance
k

Fig. 6 (a) First order resonant Raman and (b) double resonance
Raman processes. (up) incident light resonance and (down) scat-
tered light resonance. Solid dots are resonance energy states.

Fig. 6 1c#BI~ D2 oDHEBEHEE T LI, IPOKETIERIL, I 774D TIAT
D K ROEY OBFRECZINF—5HBEHEEHLDL, ZERP K RTT7zVIZFXAX—C
7%, 3eV LUTOXRIIH LTI 13 K ROBEY THRRNAEE 5, EFOTRAF—FB EICPREIRE
NHIHELTRBVATRALLE, ThBERRBICHIGET 5, ASHEER (al) 0BEITIT, K23 phiEIkE
WIRIY (B L, 74/ VEBELT 4 ) Y OZRXVF— Ey BT RAF NS ol Bl d
B(TwUBE), 22T 7x/ rEKRBLED EOPEREBIIBEFOZIAF—HEMTITRW (N—F ¥
NERL, RPER), SEOMEDORZEVERTRET BB CTIXERREL L COBDRKBIILT L G
BRI (HRBE: |BY FORS TN L BHERBEUAD AL L S & SHBREE TRERBINE &
20 LREICFEE, BRERBIEIEVEFEBPED, BERENSETNIEIHERB (non-resonance) 7=
CTHY, FEREBICEVIRAICIT RIS (near resonance) 7 il D, FHRIKBO TR L F—ic—F
THHAITIT, BER LS (rigorous resonance) T &\ 5, ) —HERELEILIE (a2) DB EITITHEE BIN
L. 74 /7 V&K URHZIRBICES U (F08) SRk, b BT 5, ARSI e~ THELEE
B OIT K LX—T, Stokes(Anti-Stokes) shift DIBEIZ, 74 /) DT R AF—FEiIFTKEL (hEL)
2%, |

LMo T, bLid L —9F—3kT Stokes & Anti-Stokes DB T <~ 27 MBRERICEB SN
BEEIIIAFHEBTHSD, B ELLNAFLILRDNARVWEEREELELB TH D, AFKEEL
BELN B OB KL F—DET T+ ) L OTFAF—ThBHDT, Stokes & Anti-Stokes D 2 -
DHE TOIRBLFLF—DETHE LY, —RIZHLBOT < 53R OBFE D Anti-Stokes ORELIETRE
I3 Stokes DIMEIZLLSNT/AEV, THET7 4/ UBBRINTWAHER exp(—Epn/ksT) 2754 Anti-
Stokes A& 7D, Lizdio THEBR T < o THOKIER T Anti-Stokes 21T & A LR X220,
L LER S GHoBailidb T LbE 26700, B LXEOZRAF—|{Z4 L Anti-Stokes D523
&V HEREMITIEVEAITIX,  Anti-Stokes DIMEN Stokes DIRE LV REL 2D T L HED [12),

ELIBRIEND 74/ UM 2TBEU EH BT, TRENOBRELIER =R F —1L Elaser—Ephi-
Elaser — Epnz THEM R D, LI >T, 1 DOAHZ RNV F—TRKIZ 2 SUEDOT + /) »D*IGS <
VTHRAICEDRL, TRRARXEERTHY, 1 LB TELVLWOLRLEEANLLRTHZ LHEET
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&3, ERIZT ) Fa—T7OBAIIT EARKL (100-200cm ™) Aliz RBM £—F, 1590cm~! iz G v
KBHY, 2 207+ VDI RLF—ER 0.15eV <HBWLRDB, 7/ FTa—TDT77 VHA—TRRR
IZHEET 2 T XL F—EIX DTN 10meV BETH S [13], Lo T 1 BEDOL—VHRT —FKD 7/
Fa—7® RBM & G v FERBFHZERRTE 2 DIIASRHBREOHATH D, FBRELZIVELL
BT A0, BRAERER (TEREL—Y, BABFL—V—) BLBETHY ., ZOEBRPEHE
DRBETH D,

6 "“EHBSTUSNE D—AVER

MM, RO (T4 D) BEN—ERS—KS < BRTHS, BEO—KT v BRTE,
BT LR NVOBREC I - TRLEREEZ DDA EOET OB L OREBICBEVREL RV EW
v, Lo THETE D74/ Y OEH gL, 13i1F 0(zone center phonon) Thd, LIcHi->TE
MEMOBAMMTHD, TIATVEBEOPLOTROT+ ) VIEFR IR THRRASNE EVWID
2, BEHEOHPECENTHITRTH S,

L LHEOBES 2B ERZEZ 2BROZ -V IBRTIE, ¢ = 0 2@ THEN S, BELTSH g X
7 R OFIR 0 THRIZEW, LEBoTEROIvVBRERTIRg£ 007+ VE2BBEITE S, RER
REELT, R 74/ & 2EKH (BR) 72345~ =2 (EF)E—F, 2 20RRZ7+/ 0%
BT HarEX—vay (F8) T— F8HY, THEN 2By, Epn + Eppe P77 V7 MBS 2,
TOBEITIIT A UOBEEIT g & —q FBRIVERY, —RIC1IOOXEFICHLTIEDOT 4/ V2K
HE 5 5 < CHELWTER (FER) /b &SV, Lo T 2 ERHT 2HEILTOMWIC2 DO THEIL/IEL
RBEFTTHDH, ¢80 THHRIEERLNDZ L, FRUTICHR~S ZHEHBE (double resonance) %h
BltEoT, £BIF<-VREL LT ZROT-VBERE-KRO T v BRICERT 2568 H D BRTE
BV, THOREBRHRFIBKMEIEEL THELND D /A0 F (1350em™!) L ZDEETH D G AU F
(2700cm™1) Th 3,

Fig. K 6(b)IZD N FIZHTHE_BEHB I D420OBBERLE, 75T (1) &%k TRIL,
(i) W2 g T k + q OREEICEKELL, (i) Bdk —q T k OREBICEY, (iv) k THBE LEKESEEKHT
2@ THD, ZITHETIHERELLT, 74/ 2HTHEE (ER, =X AF—0EERHD) &k
BEL (B, =X X -2 L) BThEh 1 B30 2EHR8E 2584 ELT\5, EROI< 7
MBI BB X T4 V% T EHIT 2 BA LA ESICRA S, - 2 CHREREX, BTORMKT
HLRETHEEZLND (D N ROBENRRMBOEVREMFITRENT LIZXIR), —2DEFT D
T ut A THIBREES 2 ENIE, HBICELABEN 2EITRDEOT, BER —RO T~ HEL L RI2E
[ZRBEWNS O, TEHES U OREBTHE, TOHDITIE k+ q OWREBEXEIZHEE L2Thidis
720 (Fig. 6(b))e —-DE DM 2 LT A IR (b1, b2) & #ELXILE (b3, b4) T2 B AHY,
E BITRMERELDS S (b2, bd) £7203 % (b1, b3) T 2BV TR 4 BYOBEAEVBH B, BFEE—F (G AN
VERYDHEITE, gk —q TTZH/ UEELBES DT Fig. 6 D (bl) & (bd) DAFRETH B,

IO 754 FTOERBT AN TRMANZ T L2, AFRTAXDTR L —2EMEE5 &,
k OREEN K OB, “EXBT v CUFER ¢ PRESRDZETHD, LizhoT b—HFDxx
NE—RBRLERRD qO 747 VEBRTAZLIZRY, T4 VIZHBBERHBEEITE, S
VT POBREEB VPO R XF—IERETH I ENEAATE D, D Sy FOBEEITIIERT L—
FONE 1oV #MSED & 53cm™! TV EEHENTND Z L (4, dispersive) PE LN TWVWT, =
DL TEHBT < ORBTHATE 3 14, 15),
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RN HDBRIREND kX7 PV K AOED Dz —E@mi (1EM) LitHd, 74/ DX
WE=IHDO T RN F—ZHANTAINDT, BEED k+q ~7 M HTEWEWRI L =2 —SER E
HDHEBXTRY, LIZL, ALZFAAX—2HF O >FGmMRIT K ROMITEETRV K /RICbdH Y, &
HI57+ /0D q0EE LT, ALK A (K—K £ K’ —K') E2#E+ 58 M8E (intravalley
scattering) DHMUZHID K & (K — K’ £72id K’ — K) ZFHEL (intervalley scattering) 23% % [15], =
MCHIET D ¢ X7 bz TREPLES &, AR (M) #ELIT S (K &) ffiE07 4/ w272, DA
v FOREEIZ 7+ 7 U ABEBRBSH D b0, FHEREZOT K AFHED T+ /2 088 D Ay FIZBHR
LTWBZEbn»Y, SBBERL > E<HMARNTE D [15),

K 9kk 3K/4
(@) I 9kx Ki4 9k (b)

Ixk

1600

1200
|E i
= 800 |
s ? ,
i iTA
i
400 r S oTA — .
0123rT K/4 K/2 3K/4 K
Elaser [e\/] q

Fig. 7 (a) Calculated Raman frequencies for the double resonance
condition as a function of Ej,..,(bottom axis) and ¢ vector along
I'-K (top axis). Solid and open circles correspond to phonon
modes around the K and I points, respectively. (b) The 6 graphite
phonon dispersion curves (lines) and experimental Raman obser-
vations (symbols) placed according to the double resonance the-
ory. {15,

CTOZEHRBERBPELVWIELEFTTHOLLT, HREhorv s ) ooBBRICERLT, 7777
A FRBEEDRBMEHIB W TENLZDOFEENHNON TV BN S =7 2RET D Z LITRI L
7z (Fig. 7)o K A»BHRIST g =0 FEki3 2k OBMR([15, 16]) TERTHRB SN -7 270y FT5
L, TRTTST7AbO74 ) UHOBEFRECRZZ BP0 (15, ZOZLEBICFATILE,
T URRETT ) COBBRERDDZENTE S, HRT7+ ) OBERIE, PHEFIFERERELS
IS THIERS A S CRESR TR, (1) KAEABEBALETHE L, (2) TYAT
VHEBER CTIIERIBESBONRVW I L REDRRYEH o7z, “HEBT v HHART MLEES
FiEl (a) KA D B0 (lpm) TEWVWZ &, (b) K A% FHERTE LWERAE LN D4 SHEY
R H D,

& BIT Stokes & Anti-Stokes D THIW T < B — 7 BT B L O TARAREOThEH B Z &
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R, A== b= E- FORBEROTOEARKOERIC ZHFTRRVWI LR SO ERB I OEG
EROTHEATE S [16], WROREMECTBRASNI <~ ORENFER% Table 2 ITRT, &
BREMEOWBE 2T~ A7 MUWIZER LTETEETH 5,

Table 2 Raman Mode frequencies of carbon materials

Name w[cm™!] Resonance') dw/dFjaser ¥ Notes
iTA 288 DRI1 129 TA mode, intravalley scattering (¢ = 2k)
LA 453 DR1 216 LA & mode, intravalley scattering (g = 2k)
RBM 248/d, SR 0 Nanotube only, vibration of radius
M 860 DR1 0 0oTO mode, intravalley scattering (g = 0)
M 865 DR1 13 0oTO mode, intravalley scattering (g = 2k)
D 1350 DR1 53 LO mode, intervalley scattering (g = 2k)
LO 1450 DR1 0 LO mode, intervalley scattering (¢ = 0)
BWF 1550 SR 0 Plasmon mode, only metallic carbon
G 1590 SR 0 Raman active mode of graphite
2M 1750 DR2 26 overtone of M mode
TOLA 1950 DR2 230 combinational mode of TO and LA
G’ 2700 DR2 106 overtone of D mode
2LO 2900 DR2 0 overtone of LO mode
2G 3180 DR2 0 overtone of G mode

) SR: 1st order Raman. DRI1: 1 phonon double resonance Raman, DR2: 2 phonons, double resonance Raman

2) The change of phonon frequency in cm™! by changing the laser energy by 1eV.

T OFED

T/ Fa—T OREBEEOCHEMEZFIALT, /I rokiT 1ROFT ) Fa—T 2 oBREIES
EFROMBTILICRBILEE, 2R LBbWTTH ) Fa—T 0B FRELIREEELX ERBMICHE T2 &
NT&ED, E_EBERIZURHENT T T 74 bRTFT ) Fa—TDEIDANT M EHALT,

BEE: ARFEIX., BWK A. Grueneis, MIT G. Dresselhaus, M. S. Dresselhaus, UFMG, UFC (77 ¢
) @ A. Jorio, A.G. Souza Filho, M. A. Pimenta, i< DN L OEBEHFREORRETH S, FHBICHT
HWEO—ERIL, CHEHFEREAER (No.13440091) I X AR TH 5,
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