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Abstract

The Raman _:pectr:-,.. of siugle-wall carbon, nr, notubes (SWNT) produced by laser

aud arc process were studied between 5 and 500 K. The line width vs t.emperatme

dependence of the low-fl'equonc_, Ramao bands between 150 and '200 cm-1 deviates

i_-om that expe,:ted fc,r ph,.-,n,.-,n decay through pl+onon-phonoli scattering mechanism.

The cxperin;eutal t_uult.s: and their analy.;is provide convii,,.:m.g evidence t]-jat each of

the low-frequency Ft.aman lines is z_ supcrp,.',siliot_, of several narrower Rz, m.ar_ !ines

corresponding to tul:,es of nearly the same diameter. The .-applicatiou u[ ithi-_man

spectroscopy to probe the distribution of SWNT by both diameter and chiraLitv is

discussed.

1 Introduction

The Raman spectra of ¢+_rb,m nanotubes, in particular single-wall nanotubes

(SWNi"). have [:,e_.n sr.udied intensively, both experimentally [1-7 i a.nd the-

oretio.ally [8 13]. It has been e_t.o.blished r.bat t,t_e :l_.aman intertsit, ies of t.he

high-frequency _angent.ia! (].5(10-161)(I cm -1 ? and low-hequency radial ( 141)-

t250 cm 1,, modes exhibit strongly resonant, behavior [3-5]. It. was a.lso found

that the ii'_,:lueney _-'t, of the zone-center in-phase radial f" breathing': ) mode

is reversely prc>portional t.o the radius of the tube and is either independent

[5,13} or negligibly dependent I I.I.l ,:,n the ehiral angle. Assuming that a SWNT
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sgtmple is a mixture of achiral and cldral nanotubes of diffeient dk_'neter, the

lR..aanaa a:pect.rnm will be a. superposition of spec:t.ra of all type,s of t.ube_ in

the seat, tering volume, the rein.tire weight being determined by their abun-

dance and }Tlaman cross sect.ion. The existence of several pe_ks in the spectra

between 140 and 250 cm" : is therefore an evidence of tubes with various di-

_rneters between 1.1 and 2.0 nm, lit agreentent with the result.:5 c,f scanning

electron microscop:_" (SI-;M) and x-rt_,y ;_naly.-.is 13,14]. 'The issue is whether t.he

observed Flaman lines a,:e in l_omogeneou:-_ly broadened complex bc, nds consist-

ing of several overlapph:,g siml:,le lines of clo_se wave numbers (diameters) or

simple homogenous bands.

in this work we report, the varia.t.ions with t,emperature of the Flaman spectra

of SWNT in the temperature range 1.'.,etweer, 5 K and 5011 K. In particul_,r

we :st,died in detail t.he behavior of the well resolved 1)eak near 165 cm -_

(at. $00 I(), corresponding to the r;_dial ij:t-phase-vibration mode of tubes of

diaaneter close to 1.36 nm. Wtu.le the temperature dependence of the line widt.h

for the lat.ter pe;,k is inconsistent wit.h the expec'.tations tl)r an anharmonie

decay of a single phonon through phono.i_-phor, on scattering, the experimental

data can saJ;isfa.ctorily be e×plained within suc'_t _._,mechanism/)v cor.,.-;'idering

the !.65 era-1 band :.-,..sa superpositior, of several closely lying component.s.

2 Samples arid Experimental

The $WNT samplez were obt.aincd by' arc and la.--er product.ion methods.

The arc method is similar to t.ha.r des,.::tibed in .P,el:iI15[ using a 20 ,::ira wa-

ter cooled inner cylinder [ocat, ed it, side a 30 cm chamber. The run eonditiol_s

were: 35 volts; 100 amp s: 100 s_:'.Cill flo\_: of helium at. 66.7 kP_ t.500 Torr).

Pa.rt of t.he eollarer.te deposit on the cathode was used for making a :'bucky

paper" (felt-likel sample ii:.,r eb.arae.terJzation. The laser method is described in.

Re[.[16] a.nd is _. two-laser oven method used originally by Smalley's group at

Rice Univer,:'.ity. The rnn condition.,.', were: green l;_ser pulse (300 m J, 5 mm di-

n.meter) followed by IF_ laser pulse (300 mJ. 5 mm diameter) af_;er 50 nsec; 5 cm

qua.rtz flow tub,., lit ,_.n c,ve.a at 1.4.73 I< wir, h 1(10 seem argon flow at 66.7 kPa

(50(} "f'orr). Carbon soot conta.imng m_,notube.-: deposited on tile wall_ of tile

qu.--.,,rtz tube w;_.s used for makir, g I:uekv paper c_s follows. The rnar, erial (1.0

rag) was sonicat.ed in u,cetone and fi_!r,ered thtougl.t a teflon membrane filt, er

(25 mm diameter, 5 tim pore size; Mite,:? under \acuum. The ,-lried buck3:

paper removed from I.he filter !)_per was used for (:|,_r_('t, eriz;_t;i,:m st.udies.

The R.aman spectra were rne.-'.,,sured using: the He-Ne 1.._.ser line (632.8 nm) and

a single spectrometer (1800 gr/mm grz._ing), equipped with asL optic._l mi-

croso:)l)e (x 50 objective), a notch filt.er and a hquid-nitrogen-eooled charge-
coupled device (C'CD) detect.or with 15 :::_1.5 I.,m pixel size. The sI:,ectted reso-
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lution was .1..3 cm -I a.s evidenced by dte width of the laser plasma lines. The

samples (2 :-" 2 mm in size) were mom,t.ed in a. Microst.at Me cryostat (Oxford

Instrummd,). where the t,emperature o:mld be varied between 5 a_d 500 K.

'.T_ominimize local laser he_,t.i_g the laser power irt the tbcus spot of 5-7 pm

diameter was kept, below 0.5 m\¥_ whieh corresponds to average laser power

density of 1000-2000 W.em -'e. Further teduet, ion of the laser power l-rod no

effec_ on the spectral line shape. Spectra taken from different spots on the

surfac'e of the _arne sample were pract, iea,11y identica.1, u fact. wh.ich indicates

the homogeneit;y of the samples studied.

3 Results and Discussion

Fig 1 shows the low-frequency am:t high-frequency parts of r.he R&raarl spe¢r, ra

of SWNT as obtained at. 10 t< fi'om the three different samples used in our

experimerm_ Saxnp,1e N 1, prepared by laser process [16], Sa.mple N2, prepared

l,y arc proce:-..u [115], and Sample N4, prepa.red by laser process at the same

conditior_s as Sample N1 but usir_g a different la.ser v_poriza.tion target a_:td

subsequently purified, lh:_llowing the procedure described in Ref.[:3 t. As it tbl-

,1,-,wsfrom Fig.l t,he spectra of S_mple N1 and Sample N2 are very similar __md

exhibit well p,o,ouneed maxima, at. 167, 184-1_,,, 19{.I-1_92, and 195 em -1 in

the region of r;.,.di0,1 Ak, (or .4) phonon modes. They correspond t.,) tube diam-

et.er:_ c,f .:,r- .22. . . .t.o._,, 1 1.17-1.18. a:t:Ld .1..!5 rim, respective,iv. In the high-froquenc.v

region between 1200 am:t ].,.q00 cnl -I l;h,-_,spcct.ra of $ample_ N1 and N2 exltibit

peaks at 1,,_.1.'>)1549,. 15,5.'!;i. 1.{:_02,""_ and 17,54 cm 1 iat room temperature these

peaks ._.re ;.tt. 1;:1211, 1546, 1F,.qq 1.598, and 1747 ¢m t's..FollmdrJ_ t.he aiJalx.-sis
_,_!.),2._ ".-" " " " o " "

of !<a:'..uya et. a'1.[2] the coulplex st, rueture of the 154(1-16110 era" : band can ge

underst, ood By zone-folding of the gr_qJhit.e l;,l:,.onorJ dispersi(m relat.,iolis. The

relative int.ensitv of the hroad peak at 1324 cm -1 is higher for Sample N'2.

The origin of this pe_.t.k is m:,t well understood. Its position has been fi:,und

to vary strongly with the laser excitation wave,length [1] {from 1258 cm -1
wit.h 1320 nm ex(St_d.ion to 1:_47 Cl't1-1 xvir, h f, F,_14.._ rim) and its appearance

ha.:s t,ent,:itively been assigned to a symmetry-lowering effect., such :,s defects

of nanotube c_.ps, bertdi_tg of the nanotube, or t,1,e presence of nanoparticles

;.m.d ;_morphous carl)on. [17] The peak at. 1754 (;in i ha.b bee_t a.ttributed t.o

second-order Ra.m;.,n pro(:e:sses involving c:ond-_ir,at, ior_s of radial and tangen_ia,1

m.oae. [r]

The spectra [rom Sample N4 differ sigrnficantly fron., t.hese ,:,f Samples N 1 and

N2. The low-fi'equen,:y peaks a_ 17.2, 181 and _q= i,- l: ,0 (;iIl- c,:,rtesI)orMl t.o maxirna.

in the t.ube di_,met.er di._t.ribution of 1 30, 1.9..4 and 1.15 nm, resp_-c.tively. Since

the R_,.ma _ sr.,octra of all samples h_lve been t.aken a.t t.he :::nine experimenta,1

conditions, the dis;:q_l)ea_.artee of the peak at. I.t:j7 et_-t-t and t.be appearar_.(e
of the 17:3 cm -_ peak ca.nnot be at, tribut.ed 1..o chu, nges of t.he re.somm_ con-
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ditio.ns and indicates t,ha.t t.he average diameter of the t ub_:._ in Sample N4

is smo.ller. "l'he high-frequency peak.-.. in r.he f{arnar_ spectrum of Sample N4

1...,,,6, 1.585:. 1608 1622. and. .., _.-,t.. -) 9 "are also shifted towards higher wave numb..Lo, at

1768 cm -_ , respectively [at room t,ernperat.ure the pronounced maxima are at

1328, ]564, 1589, 1609, and 1763 cm-l).

The R+_zwtJ,. :apectra of SWNT exhibit relatively weak ch_mges wi_h temper-

ature. Furl, her we will concentrat+e on the variaI:ions with t.emperature of the

low-frequency part o[ the spectra as illust.rar.ed ,:>n Fig.2 for Sample N2. The

spectra of Sample N1 and Sample N4 vary in a. similar wa.y. The spectra.1 line

sha.pe._ of l:'ig 9 ear_ be fitted by five Lorentzians and a.n even better fit is ob-

r..a.ined by curves of mixed Lorentzian-('aus_ian profile.s, A._ expected, the main

effect, of increasing the temperature is 0, :sttift. t,(,,_'+,rds lower we.re numbers and

broaderdng as shown m Fig.;_ t',.>r the _,e!l :+eparat, ex! peak _J.ear 167 cm -1. In

t,he case of simple phonon lines the line width is a. inca.sure of the phonon. !ire-

Lime. It, is determir, ed by the dominating scattering mec'harzis.ro., which could

be temperature-independent. (sca.t.tering flc, m la.tl.ice defects) or t.emperature-

depenclent (scattering Iron] phonons). Fo[l<:,wing t.he standard model for an-

h;.,,rm<:m)c: l,hortor_ dec:_y through phonon-phonon scar, terir, g, pT;oved r.o be vMid

f,-,r rnost crystalline materi.._Js [18:19], the vs_ria,tions of phonon line width with

t.emperature F(T) follows _he dependence:

FiT) = :" ,4- Fo(] ÷ -- ), (]

where "t is the tempe[ature-independent l.>;+,tt <:,fthe line: widt.h, x = hcf,/(2ksT),

t:sc.,is the phonon energy, k_, is the Boltzmarm eor, stant.. Provided the 167 em -t

line corresporJ.ds to a sitGle holr.,-,genoas lin.z,, .:n,-: expects from Eq.(1) (for

.) = 0) an increase of il:s width upon varying the temperature from 10 K to

500 K by a factc, r of 8.4. As it is seen from Fig.3 this is obviously not. the

e;_se ThJ:_ iropJies that a more realistic t_.pproach, whi,.'h -_sumes ¢orJt.ribution

of several close lying homogene,.gus line._, is required to describe the observed

telyff_';_.t.I] r_ eve!,.1 ti<.',r_,o f tile band widlJ_

\¥e itiodd.ed the 1._;_nd _+,t.167 cm '_ a.s a. superposition of fern: <::lose lying

Lorent.zian components with the maxima c-'0 at, 168.1. 167.2, 164.7 ;_,n,.-t167.5

cm -_ These p,.,si_ions, obtainc.d from the expression:

are t.he clos,:st ones to 167 ,_'m-_ and cc, rre._pond to tubes of ,:hiral indiee.s (w:n}

c,f _17,01 t"16,2) i15..4} a.nd (14.5'1. respectively. In Eqs.(2j z_o. ,'u nm.em -1:'

is t.he experiment+ally determined "unive[s0,1 constant [5]. and d,::_,:: = 0.142 mn

4



(11,9) _r:,d163.9cm-1 (12,8), or t,he replacement, of a_tx: of the four compo-
n¢:nts by ;mot, her one at...-,, close l)OSltiort does not. M-leer. signil-icantly ill,-, rcsutt.s

described bdow.

The fit of tlle e×periment;J.1 s!._ctrum for T = 10 K _,,v-_ achieved bv vari_.'iltg

the intensities of the compone_,t.s for fixed _,;o and given .-, and F,;. The tired

resolut.iort of the expetintental setup wa:._ :_l.so taken into account l>y convolut-

ing tl_a calculated spectrum with the instrumental funct.ion..%s it is .>'e.erJh'on,

Fig. 4 (lower curve), it. was possible to r_produce reasonal:,lv we.]l t.he experi-

mental line shape at lo,a, r.emperature. F_._rt.her. t,o e:_rirnat.e the t.emper,.ture

dependence of the lJnewidth, we t:,erf,:,m_ed a series of simulations assumin..,g

t.hat F(T) of each of t.he cornpc, nexxts [o]lows the dependence (].). The results
of ntodel c._dculg_tions rxre summarized iix k'ig. 2 hv solid lines. A::-: it L_ clearly

seen., on_ can .n.-uc.eessfully describe t,he experimentally obsej:ved behavior of

the band width wit.hin the whole temperature range het.ween 0 and .500 t<

for -,. a: 2.0 cm -I a.nd F,..-,-_ 1..0 cm '1. Using these values grad ,.,.ccourjting for

the t_emperatu_.'e induced frequency soJ_er, ing l_w shill.rag all ,._0"s by the same

amount towards lower wave numbers, one can fit. the e×rJeriment.a[ :-_.pe.ct__ at,

higher t.emp_raturez, -_ illust.i;.,,r.ed irt Fig. _1 {upper curve! for T = 500 1(.

The result.8 pre.-:el_ted above show t.h_,t, the Fl.aman spcct.ro:;copy may become

_m effi.c.'.ient tool for char_¢ct,_izatiol_ of SWNT k,t.- tube diameter (.adst.ributton.

Provided the R.aman cros_; sect.ion vs tube diamet.er dependence for ;.,. given

laser excitation energy (.wavelength) is known, t.he normaliT.ed experiment, M

spectrum will repre_sent, t,he distributiott of t.ubes by diameter. The rt,._,malized

..%>eet.rum could then be modelled as .':,..superposition of all lines with we..... )

wit.hill the ft'equency range, thus det, ermining t.he te, la..tive weight of t.he corre-

sponding (m.n) tubes in the sample.
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Fig. 1. Rarnan 2:pe,.'.tra at 10 K of three different SWNT sample:..

Fig. 2. Variation with temperature between 10 and 500 K of the Rarr, r.n spe_t.ra of

Sample N2 (.arc proceas). The spectral resolution is 1.3 cm -1.

Fig. 3. Experimental (poiDt._) and calculated (curvea) ternl:,errm_re dependence of

the u,idth of the 167 cm -1 balM. The harm is simulated .._ consisting of four ,;lose

lying Lorentzian components with -:. = 2.0 em -1 ..a:3.d f'0 = 0.8, .I.0, and 1.5 cm -1.

Fig. 4. Experim,mtal (points) an,-I c::dculated (curves) profile:- of the 167 era- 1 band

of Sem',ple N2 _t 10 K (lmver curve) _,nd 5!)0 K/upper curveL The fitting paran'teter:-:

are -;..= 2.2 cm -! add f'0 = 0.9 cm -I
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