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The Stokes and anti-Stokes Raman spectra of a multiwalled carbon naiibtéT) sample are studied
here by four excitation energies and the observed Raman modes are assigned based on the double resonance
Raman effect and the previous results in graphite whiskers. There exists frequency discrepancy between Stokes
and anti-Stokes line§~DSA) of many Raman modes in MWNT’s and the discrepancy values are strongly
dependent on the excitation energy, in which the FDSA value obthenode even changes from a positive
value (9 cm?, 1.58 eV to a negative valué—11 cm 1, 2.54 e\). The laser-energy dependence of the FDSA
values of some modes in MWNT's is attributed to the nonlinear frequency dependence of Stokes and anti-
Stokes Raman lines of these modes on the excitation energy. Raman results and the theoretical analysis of the
intravalley and intervalley double resonance processes of Stokes and anti-Stokes Raman scatterings both show
that the frequency of an anti-Stokes peak excitedepyis equal to that of the corresponding Stokes peak
excited by a laser excitation @f, +#wg wherefiwg is the phonon energy of the Raman mode. Stokes and
anti-Stokes double-resonance Raman scatterings have been used to probe the phonon dispersion relations of
graphite. The Raman data of the well-known disorder-indubedchode are in good agreement with the
theoretical results.
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[. INTRODUCTION eralized double resonance process also successfully inter-
preted the observed two new dispersive phonon modes of the
In the Raman spectra of disordered graphite, in addition téesonantly-enhanced TA and LA phondémsid other disper-
two in-plane Raman active,, modes located at-42 and sive modes in carbon materigfsHowever, the observed fre-
~1582 cmi! (G band, there is an additional disorder- duency difference between Stokes and anti-Stokes compo-

inducedD band which appears at about 1350 Chior green ~ NeNts(FDSA) of the D mode and other dispersive modes in
laser excitatior:? The D mode also appears in the Raman graphite materials is still an open question to be resolved. _
spectra of purified multiwalled carbon nanotub@wNT)>* Phonon energy dispersion relation is a fundamental physi-

and single-walled carbon nanotube samffe contrast to ~ Cal Property of a solid especially for determining the me-

the Raman peaks in other crystals, the frequency of the Welﬁhanlcal, thermal and other condensed-matter phenofténa.

knownD band exhibits two important spectral features. First,Bﬁgﬁgﬁe d(i); 12:82?&?\%2”&‘9 d?fff;?:nﬁlercgohrng ?;gjtgrlil;?sig(-j
the D-band frequency is highly dispersive and shifts with P P grap

. _ . . sulting from the different local properties, the dispersive
exqtaﬂon energy at a rate of 44_53. cinover a wide exci- mode may have different values in different graphite materi-
tation —energy ) range for different sp? carbon 415 For examples, by 1.96-eV excitation, the frequencies of
materials’™® Second, the Stokeswg) and anti-Stokes he b mode in graphite whiskérand single-walled carbon
(was) components of th®-band in graphite materidi$>'®  anotubel are 1333 and 1323 cnt, respectively. On the
have different frequencies, and the frequency difference igther hand, for a fixed sample, because of the limit of ex-
equal to the product of the phonon enerdyus) of the D perimental conditions, it is very inconvenient to measure the
mode and its laser-energy dispersiang/de, .’ There exists  frequency of the dispersive Raman modes by excitations in a
similar spectral property for the overtone Df mode, so- wide energy range, and then to precisely determine the pho-
called 2D or G’ mode and other dispersive modés.The  non dispersion curves of graphite.
excitation-energy dispersion of tHe mode has been suc- In this paper, we study the Stokes and anti-Stokes scatter-
cessfully resolved by the double resonance prot®g$. ing spectra of MWNT sample using four different laser ex-
Based on the double resonance Raman theorypéset al.  citations. The results show that the frequency of an anti-
recently obtained the phonon dispersion relations of twoStokes Raman mode excited by the excitation energys
dimensional graphite by fitting the experimental frequenciesqual to that of the corresponding Stokes Raman modes ex-
of dispersive Raman modes in graphite mateflEne gen-  cited by a higher excitation energy of +thwg, wherefiwg
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is the one-phonon energy of the Stokes mode. We interpre
this result by the intravalley and intervalley double reso-
nance process of Stokes and anti-Stokes Raman scatterir
based on the generalized double resonance model. Becau:
of the peculiar properties of the anti-Stokes Raman scatter-
ing, by only a few laser excitations, we here probe the pho-
non dispersion relations of graphite in a wide range of pho-
non wave vector from the double resonance processes @
Stokes and anti-Stokes Raman scatterings.

2606

£=158eV

181

Q
5]
N

R RERE ey na ey
150 250 350 450

1250 1450 1650

1775

~
©

M im X5

[s]
Q
@
pad

II. EXPERIMENT

MWNT samples were as-grown product prepared by the
arc method at Clemsdt. The Raman spectra of MWNT’s
were recorded by two micro-Raman systefmslor Super -
Labram and Dilor Infinity with a typical resolution of 1-2
cm ! in a back-scattering geometry at room temperature. 1200 1400 1600 17501900 2400 2600 2800 3000 3200
The two systems consist of holographic notch filters for Ray- Raman Shift (cm™)
leigh rejection and a microscope with 200objective lens, -
allowing a spatial resolution of1.0 um. The laser excita- (b) £=1.96 8V
tion wavelengths are 488.0 n{d.54 e\j and 514.5 nn{2.41
eV) of an Ar" laser, 632.8 nn{1.96 eV} of a He-Ne laser,
and 785nm(1.58 eV} of an Al,Ga, _,As diode. Typically, a
low laser power of 0.1 mW arrived at the sample was used to
avoid sample heatin@. For different laser excitations, differ-
ent laser powersgfrom 2 to 10 mW were used to measure
the anti-Stokes Raman signal in MWNT’s. All Raman lines
at Stokes and anti-Stokes sides are carefully calibrated by N¢
lamp under the same experiment conditions, and peak pa
rameters are obtained by least-squares fitting Lorentzian line
shapes to the measured spectra. The anti-Stokes Raman spe
tra have been multiplied by the correction factQy/l g
= (s~ Eu)*/(sL+E,Q* X expliws/ksT) and are drawn to-
gether with the Stokes spectra with the same x-scale for con
venience in comparing them with each othét.
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lll. RESULTS AND DISCUSSIONS FIG. 1. Stokes(SR) and anti-Stokes RamafASR) spectra of
MWNT'’s excited with 1.58 eV(a) and 1.96 eV(b) excitations in
the first- and second-order spectral range. The left ins@) tgives
Figure 1 shows the Stokes and anti-Stokes Raman spectitge Stokes Raman spectra of MWNT'’s in the range of 130—450
of MWNTs in the first- and second-order spectral range obem™2, and its right inset shows the Raman spectra dfi@planted
tained with the excitation energies of 1.58 and 1.96 eV, reHOPG where the dashed lines give the peaks used to fit the spectra.
spectively. The first-order Stokes and anti-Stokes Ramarfihe inset to(b) shows the SR and ASR spectra dd2 G mode.
spectra of C implanted highly oriented pyrolytic graphite
(C* implanted HOPG, CHOP)Gexcited bys, =1.58 eVare =1.58 eV can resonantly probe the TA and LA phonon
also plotted in Fig. 1. modes at 186 and 298 crh, which are close to that of two
In Fig. 1(a), in addition to the well-knowrD, G, 2D, D  observed low-frequency modes. Therefore, according to the
+G, and D' modes located at 1306, 1572, 2606, 2889, andassignment in graphite whiskénwve assign the two low-
3205 cni'l, there are two additional high-frequency modesfrequency modes ds; andL, modes. According to the fre-
at 1775 and 1871 cimt and two additional low-frequency quency match, the two high-frequency modes at 1775 and
modes located at 181 and 280 th Two dispersive TAand 1781 cmi* can be designated 4s +G andL,+G modes.
LA low-frequency phonon modes at about 250-500 ¢ém However, after considering the wave vector selection rule of
have been observed in graphite whiskéter considering the second-order dispersive modes in graphite matéfiits,
their phonon energies &t are equal to zero, we can get their is more reasonable to assign the two modes at 1775 and 1871
frequency dependences on the excitation energy as the fabm * asL;+D’ andL,+D’ modes, respectively.
lowing equations from the Raman data of the resonantly en- A band at 863 cm?® appears in the Raman spectra of
hanced TA and LA phonon modes in graphite whiskap MWNT’s in Fig. 1(b). We observed a mode at 861 ¢hin
=118(cm YeV) g, , and w ,=189(cm Y/eV) e, . Ac- CHOPG with 1.96 eV laser excitation tddt is plausible to
cording to the above equations, the excitation energy,of assign the 861-cm" mode in CHOPG as the resonantly en-

A. Assignment of the observed Raman modes in MWNT's
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hanced phonon mode of the out-of-plane TO phonon
branches near thE point because its frequency is 6 chn £,=2.54 6V
smaller than that of -centerA,, mode® The frequency of
863-cm ' mode is close to that of the 861-crh mode in
ion-implanted HOPG, however, it must be pointed out that
the frequencies of all the Raman modes of MWNT's in Fig.
1 redshift due to the laser-heating effect that makes one mea-
sure the anti-Stokes Raman signals edsSiwhen using a
weaker laser power, the 863-Ct band blueshifts to 867
cm 1, which is almost equal to the frequency of infrared-
active A,, mode'?’ The close agreement and the sharpness
(full width at half maximum intensity, 3.5 cit) of the 867-
cm ! feature in MWNT imply that it can be related to the
vibrational mode corresponding to the out-of-plakg at T’
point, which becomes Raman active due to a point symmetry
change because of the tubular structure in nanotubes and the =+ rrr— T 77
presence of structural defects and disorders in MWNT'’s. 1000 1200 1400 1600 2400 2600 2800 3000 3200
Figure 1 also shows a mode at 1076 ¢mBecause the Raman Shift (cm™)
diameter of MWNT is so large that the size-dependent zone- o > ki and second-order Stoké8R) and anti-Stokes
folding gffect is not important for the freqL_Je_ncy of Rama_n Raman(ASR) spectra of MWNT’s obtained with 2.54-eV excita-
modes in MWNT, the spectral characteristics of graphite;
whisker, HOPG and MWNT are similar to each otfér. '

- l .
Thus, the bands at 1076 and2453 cm * are designated as copg, and graphite whisk&tthe Stokes and anti-Stokes

D" andD"+D" modes based on the assignment in graphitgzaman spectra in MWNT's exhibit the following different
whisker! For the Raman spectra in graphite whiskenly a  toat res. First, some FDSA values of dispersive modes in

single band at 1130 cnt is observed by the 1.96-eV exci- MWNT’s are much different from those in HOPG and
tation at the room temperature. However, with increasing theopg. For examples, for the 1.96-eV excitation, the FDSA
sample temperature, the intensity of the 1130-¢nmode value of theD” + D mode is 20 ¢’ in CHOPG, while that
decreases and a new mode is revealed at 1079 ¢see Fig. in MWNTs is 9 cni'l. The FDSA value of the @ mode is
10 of Ref. 3, which is very close to the 1076-cr observed 33 cmtin graphite whisker, which is 3 cit higher than
in MWNT's. According to the recent theoretical calculation that in MWNT's. Second, the FDSA values in MWNTs
on the dispersion curves_of graphite based on the dOUbIQtroneg depend on the excitation energy, while the
resonance theory, we assign the lower-energy part of the Fpga values in HOPG and CHOPG are almost insensitive to
D moqe in graphite whisker and the 1076 Chmode in e eycitation energy when the excitation is in the range be-
MWNT's as the phonon modes near tHepoint to the in-  yeen 254 and 1.96 eV. The Stokes and anti-Stokes Raman
plane TA phonon branches, and the high-energy part of thepecira of CHOPG excited by 1.58-eV excitation are shown
D" mode in graphite whisker as the resonantly selected phqp, Fig. 1. The FDSA values of the double peaks of Die
non modes neark¥/4 point to the LA phonon branches. mode in CHOPG are 7 cnt, which is equal to those excited
by 1.96-, 2.41-, and 2.54-eV excitations. However, the FDSA
B. Frequency discrepancy between Stokes and anti-Stokes ~ Value of theD(2D) mode in MWNT's changes from 7.7
Raman modes in MWNT's (33.5 cm ! to 6.3(21.4 cm™! when the excitation energy
) increases from 1.58 eV to 2.54 eV. We summarize all the
We now analyze the Stokes and anti-Stokes Raman Spega ahout the FDSA values in MWNT's excited with differ-
tra of MWNT. Similar to the FDSA results in graphite once sources in Table I. To get the frequencies of Raman
whisker] HOPG and CHOPG! the frequencies of the anti- 1110 as at room temperature, the Raman spectra of MWNT’s
StokesD, 2D, D+G modes are larger than those of the 5.6 measured using very low laser density and the frequen-
corresponding Stokes modes, while the Stokes and antjeg of all Raman modes by four excitations are summarized
Stokes lines of th& mode have the same frequencies as the, Taple |.
common theoretical prediction. At ',[he same t|n,1e, th' 2 The experimental data have shown that the FDSA value
mode and two new observed, +D’ and L,+D’ modes ot 5 dispersive mode in graphite whisker is determined by its

also show different frequencies between Stokes and antishonon energy and its frequency dispersion on the excitation
Stokes sides whose values are, respectively, 6, 29 and erg

cm ! by 1.96-eV excitation. The nonzero FDSA value of the
2D’ mode indicates that the’ mode is a little dispersive in dws
MWNT, which results from the double resonance Raman Aw(SL)|exp:th£- (1)
effect in graphite materiaf®:?3 -

The Stokes and anti-Stokes Raman spectra of MWNT$f the peak frequency of a Raman mode is linear to the ex-
excited by 2.54-eV excitations are also measured and showgitation energy, from Eq(l), one gets that the FDSA value
in Fig. 2. In contrast to the Raman spectra of HOPG,of the Raman mode should be independent of the excitation
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TABLE |. Frequency discrepancy\w) between the Stoke®) and anti-Stoke$AS) components of certain Raman modes in MWNTs
excited by 1.58-, 1.96-, 2.41-, and 2.54-eV excitations whape= | w,g — | wg. The blank cells indicate that those modes are silent, or their
positions are not easy to be determined due to weak intensity and low signal-to-noiséwatiée is the laser-energy dispersion of the
Stokes mode, and it is an average value for some m@gsD’, D+D"”, 2D’, etc) because the frequencies of those modes are nonlinear

to the excitation energy.

Assign. D" D G D' L,+D’ L,+D’ D"+D 2D D+G 2D’ 2D+G
dwsl e, (cmHeV) 3 45 0 9 130 188 -18 104 48 20 102
s 158 ey (CM ) 1314 1582 1615 1785 1882 2466 2619 2907 3227
Awy sy (CM™Y) 7.7 0 2 28 46 -3 335 14 9
0196 v (CMY) 1087 1335 1581 1621 1834 1956 2467 2662 2931 3237 4245
Awy g5 ey (CM™Y) 3 7.2 0 2 29 49 -9 30.0 11 6 51
w5241 ev(CM Y 1093 1353 1582 1623 2038 2453 2708 2948 3245 4291
Awy 41 ev(cm™Y) -3 5.7 -1 —-18 24.1 -3 40
s 251 v (CM™Y) 1089 1358 1583 1624 1910 2063 2451 2718 2953 3247 4303
Awpssev(cm™) 1 63 -1 —24 214 4 —11

energy. This phenomenon has been observed in the Stokemmperature are calculated by the FDSA values adding the
and anti-Stokes Raman spectra of HOPG and CHOPG withinorresponding Stokes frequencies measured with very low
the laser-energy range of 1.58—2.55%8\The laser-energy laser density. It is clear that, for MWNT samples, the fre-
dependent FDSA values of Raman modes in MWNT implyquency dependence of Stokes and anti-Stokes components of
that the value ofdwg/de; in MWNT is nonlinear to the
excitation energy, . Figure 3 shows the excitation-energy energy in the observed energy range of 1.55-2.55 eV. It re-
dependence on the Stokes and anti-Stokes Raman frequesults in that the FDSA value of thel2 mode in MWNT's
cies of theD, D', 2D, and D’ modes in MWNT's, in
which the anti-Stokes frequencies of the four modes at roorem ™! by 2.54-eV excitation while that in HOPG is almost a
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FIG. 3. StokegS) (gray down-triangles and solid diamondsd
anti-Stokes(AS) (gray up-triangles and solid circle®Raman fre-
quencies(a) of the D and 2D modes, andb) of theD’ and 2D’
modes in MWNT’s as the function of the excitation enesgy The
gray and solid lines are a guide to the eye for the frequency deperntravalley double resonance processes to explain the Stokes
dence of first-order Raman modes and their overtones on the excind anti-Stokes spectra of th®’, L4, andL, modes and

tation energy, respectively.

theD, D', 2D, and D’ modes is nonlinear to the excitation

even changes from 30 ¢m by 1.96-eV excitation to 21.4

constant of 27 cm! within the excitation range of 1.96—
2.54 eV!2 The FDSA value of the R’ mode in MWNT’s
even changes from a positive val(@cm !, 1.58 e\j to a
negative value(-11 cm !, 2.54 e\j. The different FDSA
values of Raman modes in HOPG and MWNT indicate the
slight difference between the electronic structure and phonon
dispersion relation between HOPG and MWNT because of
the coupling between thA and B graphene layers that are
stacked in the highly ordered - ABAB- - - structure.

C. Double resonance mechanism for the Stokes and anti-Stokes
spectra of first-order Raman modes and their overtones
in graphite

To quantitatively interpret the observed FDSA values for
the dispersive Raman modes in HOPG, graphite whisker and
MWNT, we must carefully discuss the difference of the
Stokes and anti-Stokes resonance Raman proc&ssead-
dition to theD mode and its overtones, there also exist other
dispersive modes, such as thé, D", L, andL, modes and
their overtones. The D anB” modes are explained by an
intervalley double resonnance mechanism, which occurs
around two inequivalen points at neighboring corners of
the first Brillouin zone of graphite, and tH2’, L, andL,
modes are explained by an intravalley double resonance
mechanism, which occurs around tKepoint in the two-
dimensional Brillouin zone of graphif®:*® Because the in-
travalley and an intervalley double resonance processes are
similiar to each other, here we only focus our attention on the

their overtones.
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FIG. 4. Schematic diagram of four intravalley
double resonance Stokéblack lines and anti-
Stokes(gray lineg processes. The dashed lines
mean an elastic scattering process.

For the double resonance process in graphite, an electrgsbint with a radius ok,— k. The phonon vectoq can be

with momenturrk [and electron enerd' (k)] is first excited  getermined by the vector transition between two points along
by the incident laser photon in an electron-hole creation proghea circles with radii ofk, andky— sk aroundK, in which
cess. The electron is then scattered by emitting or absorbintg]e distribution of possible values has a one-dimensional
a phonon with momenturg to the state with momenturk ., singularity atq=ok and q=2k,— k. The

+q [and energyE(k+ q)], then scattered again, back to the phonons associated with the second singularity give a sig-

. f _
state with momentunk [and electron energ (k)] to re nificant contribution to the intravalley double resonance pro-

combine with a hole. In general, there exist four possible
double-resonance scattering mechanisms for the Stokes afifSs of the observed Raman modes, such aBthe.,, and

anti-Stokes scattering proces€hose four processes can L2 modes. We can also apply the same anlysis to the other
be classified by either an incident or scattered resonance R4OUPIE resonance processes of the first-order Raman mode.
man event, and by the fact that either an elastic or inelasti¢€re are other three possible singularitiesat2k, — 5k,
event occurs first. Figure 4 shows the four possible intravald=2Ko andq= 2k, for the Stokes cases in Figstb}, 4(c),
ley double resonance processes of Stolsedid lines and  and 4d), respectively, which contribute to the double reso-
anti-Stokes(gray line3 Raman scatterings, in whidta) de-  nhance process. There also exist four possible singularities at
notes incident resonance, inelastic firdi) scattered reso- q=2kg+ 8k, g=2kq+ ok, g= 2k, andq= 2k, that contrib-
nance, inelastic firs(c) incident resonance, elastic first, and ute to the double resonance Raman scattering of the anti-
(d) scattered resonance, elastic first. The difference betweestokes processes in Figsiaf 4(b), 4(c), and 4d), respec-
Stokes and anti-Stokes Raman scatterings is that the inelastigely.
scattering of the double resonance process occurs with a pho- For the overtones such as thé&2and 2D’ modes, the
non emission or a phonon absorption process. For the firsdouble resonance process will involve two phonons, instead
order Raman modes, the above four processes are possibledbone phonon and one defect. Thus, there only exist two
contribute to the double resonance scattering of Stokes argbssible resonant processes for an overtone of the first-order
anti-Stokes spectra. mode, which can be classified by either an incident or scat-
The resonantly selected phonon vectors can be calculatadred resonance Raman event. Applying the above analysis to
from the energy-momentum conservation condition of thethe Stokes and anti-Stokes overtones, only phonons guith
double resonance process. For the double resonance procesgk,— sk and q=2k,+ sk contribute to the overtones of
of a first-order Raman mod&(k+q) is always one of the Stokes and anti-Stokes Raman peaks.
resonant states. For cases of the incident and scattered reso-The above analysis can also be applied to the intervalley
nancesE'(k) (=&.) and Ef(k) (=eL*hwyy are, respec- double resonance Raman proc&serhich is responsible for
tively, the second resonant states, in whighis the photon the frequency dispersion of th&’ mode, theD mode and its
energy of an excitation. Because electrons have a linear ewvertone D mode. In short, if we assume that the frequen-
ergy dispersion relation near th¢€ point of graphite, to a cies related to the phonon vecto@k,— k|, |2k,|, and
first-order approximation, the equienergy contoursEgk) |2ko+ k| measured from th& point (intervalley resonance
can be treated as circles with a vector loffrom the K proces$ or I' point (intravalley resonance procesare, re-
point 202328 where E(k)=Ak in which A=\3y,a/2, ais  spectivelyw_, wgandw. , afirst-order Raman mode based
grahite lattice constant ang, (=2.90 e\ the tight-binding  on the double resonance Raman mechanism should contain
overlap integral parameter. The equienergy contour of a phdwo peaks and its overtone only has one peak, in which the
non energy fwpn) thus corresponds to a vector @k  first-order Stokes peak consists of two peaks with frequen-
(=hwpn!/A). For the Stokes case in Fig(a}, ¢ is equalto  cies o and wy, its anti-Stokes component contains two
the energy separation between theand =* bands with a peaks with frequencies, andw , , and the Stokes and anti-
vectork, [ = (g, /2)/A] from theK point, the other resonant Stokes overtones have the frequencies ef 2and 2w, ,
energy of Stokes process corresponds to a circle nedk the respectively.
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intensities and locate aty( + wg)/2 and (o + @ )/2. How-
ever, the low-energy peaks of the andD modes are much
stronger than their high-energy peaks. Thus, forlthandD
modes, their Stokes peaks appeawatand their anti-Stokes
peaks atw,, but the Stokes and anti-Stoke® 2nodes still
locate at 20 and 2w, , respectively. This results in that the
Stokes D mode of graphite whisker is almost centered at
two times the StokeB-mode frequency, but the anti-Stokes
2D mode is about 2, — wg) higher than the two times
frequency of the anti-Stoke3 mode.

For the intervalley and intravalley double resonance pro-
cess, Raman results in graphite whisker show that the Stokes
and anti-Stokes lines of tHe, center at the frequencies rela-
tive to the wave vectors of I—6k/2 and XKy+ 6k/2
[=2(ko+ 6k/2)— 6k/2], and those of thé.; and D modes
appear at the frequencies relative to the wave vectors of
2ko— ok and X [ =2(kgt+ 6k/2)— 5k], respectively, where
2ky and 2 Ko+ ok/2) separately correspond to the excitation
energies ok, ande| +hwg. From the above expressions in
two brackets, we can get an important relation between the

e . T : . T frequencies of Stokes and anti-Stokes peaks
300 320 340 360 380 400 1280 1300 1320 1340 1360 1380 1400

Raman Shift (cm™1) Raman Shift (cm™1) was(eL) =ws(eL T hog). 2

For a dispersive modee.g., theL, mode that is composed

L., L,, andD modes and the overtondd2mode in graphite whis- _by two peaks with almost the same intensity, #)g andws
kers excited by 632.8 nm laser excitation. The frequency of e 2 1N EQ. (2) correspond to the average frequency value of the
mode has been divided by two to have the same frequecny scale §40 Peaks of the dispersive mode. Eg) indicates that the
the D mode. The Stokes and anti-Stokes peaks of each first-orddfequeNcyw,s of an anti-Stokes peak excited by an excita-
mode have been fitted by the peaks (dotted line, w, (solid  tion of & is equal to that of the corresponding Stokes peak
lines), andw ., (dashed lines excited by a laser excitation ef, +%wg. For an overtone,

its Stokes and anti-Stokes peaks have the frequencies of 2
and 2»,, and thus we have the following expression to

i <1
mo?jgcg? igrgghpfazgﬁdzlii \iﬁld@?; r:(i)teSOmgtr:riaE:nguce erive the frequency of an anti-Stokes overtone from that of
P grap he corresponding Stokes overtone:

by finite-crystal-size effects and defects, two peaks that only
have a frequency separation of several wavenumber almost 2wps(e) =2wg(e +2hwg). (3)
cannot be clearly resolved from a broad first-order Raman _ )

mode. To check the two-peak behavior in the first-order RaEd- (3) can be deduced from E@2) just replacing the fre-
man modes of graphite materials, we discuss the Stokes aff#€Ncy @pn) of the first-order peak with that ) of its
anti-Stokes spectra of the;, L,, andD modes of graphite OVertone. _ _

whisker because Raman peaks in graphite whisker have B_e3|de the first-order Raman mo_des and their overton_es,
much smaller widths than other materialBigure 5 clearly e find that Eq(2) can also b’e apphec/l to the other combi-
shows that the Stokes and anti-Stokesmodes do not ex- nation modesi;+L,, L,+D’, L,+D’, D+G, 2D+G,

hibit a Lorentzian line shape and the Stokes and anti-Stoke&(C)- E()lr example, the FDSA value of thed2-G mode is
components of thé; andD modes reveal asymmetric pro- 1 ¢m ~ by 1.96-eV excitation, V‘_’?'Ch is very close to the
files. We use two Lorentzian peaksat andw, to fittheD ~ Stokes frequency differend&7 cm ) of the 2D+ G mode
mode in the Stokes side, and two Lorentzian peaks,and by two different excitations of 1.96 eV and 2.54 eV

. to fit the D mode in the anti-Stokes side. Moreover, we (=1.96 Vfiwzp g +0.04 €V) where an additional en-
use two single Lorentzian peaks ab2 and 2w, to sepa- €9 of 0.04 eV contributes to the additional Stokes fre-

rately fit the 2D mode in the Stokes and anti-Stokes spec-duency difference of 6 crt. If the frequency of a dispersive
trum. In the fitting process, three Lorentzianswat, w, and mode has a linear relation to the excitation energy, the FDSA

. keep almost the same peak widths, but their intensitie¥@/ue of the dispersion mode is simply related with the pho-
are adjustable to get a good fitting to the asymmetric profild!®" energy and its excitation-energy dispersive behavior

of theD mode at Stokes and anti-Stokes sides. We also apply
the similiar fitting to the Stokes and anti-Stokes spectra of

the L, and L, modes. Seen from Fig. 5, two Lorentzian =wg(e thws)— wg(el)
peaks can give a good fit to the Stokes and anti-Stokes first-

order modes. Obviously, the Stokes and anti-Stakegeaks —fws _
can be decomposed into two peaks with almost the same de

FIG. 5. StokeqS) and anti-StokesAS) Raman spectra of the

Aw(e)=wps(e) —wg(eL)

4
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This equation has been confirmed by the experimental dat:
of the Stokes and anti-Stokes Raman spectra of graphite
whisker!

Usually, Stokes Raman spectra can only provide the in-
formation of first-order dispersive modes, because the fre- {oqq A
guency of a higher-order Raman mode is just the sum of the~ .
frequencies of its fundamental modes. Equati®nsuggests £ 1000 - : : :
that the frequencwg of a first-order or higher-order Stokes 9; : f ,
mode by excitatione +#ws can be detected by the fre- S+ 800 1 '
guencyw g of the corresponding anti-Stokes mode by exci-

1600 - | : .

1400 -

tation £, . For example, the anti-Stokes frequency of the 500 1 :

2D’ mode by 2.54-eV excitation is 3235 crh then we can 400 | : : N

get the Stokes frequency of th®2 mode by 2.94-e\2.54 PR
eV+hw,ps) excitation are 3235 cit. Therefore, the anti- 200 - 3 - :

Stokes modes provide more information on the excitation-

energy dispersion properties of dispersive Raman modes. 0 e 3k/4 K;/2 K;/4 T

Wave Vector, q

D. Phonon dispersion relation of graphite
determined from double resonance Stokes
and anti-Stokes Raman processes

FIG. 6. Experimental data of the phonon dispersion relations of
graphite alond’-K axis determined by the observed frequencies of
the Stokes modegrossesl 1, L,, D, andD’), anti-Stokes modes

The dispersive properties of anti-Stokes Raman modes algiamondsD, D', 2D, 2D’, and D + G) and zone-center or edge
low us to probe the phonon dispersion relations of graphitenodes(solid circles,A,,, D", andG) in MWNT’s. Some experi-
materials by the double resonance anti-Stokes Raman proental data of thé.,, L,, and 2., modes are obtained from the
cess. From the frequencyfs) of an anti-Stokes mode ex- Stokes and anti-Stokes Raman spectra of graphite whiskers.
cited by an excitation of_, we can obtain the frequency of
the corresponding Stokes mode exciteddyytiwas. To-  tively, wp(q)=— 2355+ 142831— 177082+ 7052° (3/4
gether .Wlth the frequencies of Stokes.mode.s, t_here are se\-q-7/8) andwp, (q) = 1582+ 1689+ 12424%— 5316° (0
eral pairs of the Stokes frequ_ency and its excitation energy. ng<1/4), whereq is in unit of . The fitting results
neglecting the trigonal warping effeCta Stokes first-order clearly show that the nonlinear behavior of the phonon dis-

mode locates at the frequency relative to the wave vector Qg sion relations of graphite within the detected wavevector
2ko— 0k/2 while its overtone is contributed from the phonon reions. Using the dispersive properties of the anti-Stokes
with the wave vector of By— k,™ in which wave vectors  yndes only by four excitations, we obtain the experimental
2ko and ok are determined by the excitation and phonongata of the phonon dispersion relation in the Brillouin region

energies, respectively. In this way, the frequencies and wavgyyered by the excitation energy from about 1.55 eV to

vectors of the first-order peak and its overtone can be deter ( v/ Therefore, the anti-Stokes double Raman scattering is
mined. By using a simple tight-binding electronic energy cal-Very useful to probe the phonon dispersion relations of
culation with tight-binding overlap energy parametgg graphite.

=2.90 eV3! we can obtain the wave vectérof the elec-
tronic state that resonant with an excitation energy, and then
get the phonon wave vectgrof the observed phonon mode.
We calculate the phonon wave vectors contributed to the
anti-Stokes and Stokes componentd.ef L,, D, D', 2D, In summary, the Stokes and anti-Stokes Raman spectra of
2D’, and D + G modes excited by four excitation energies, MWNT'’s have been studied in this paper by four excitation
and plot them in Fig. 6 together with the recent calculatecenergies. The observed Raman modes in MWNT's are as-
phonon dispersion relations of graphite. To get the phonosigned on the base of the double resonance Raman effect and
dispersion relation of two acoustic modes, we also add somprevious results of graphite whiskers. Many Raman modes in
data of thel; andL, modes in graphite whiskér. MWNT's have different frequencies between their Stokes
The frequency data of the dispersilemode shown in  and anti-Stokes lines. The values of frequency differences
Fig. 6 are in good agreement with the recent fitted phonometween the Stokes and anti-Stokes lines of Raman modes in
dispersion relation&® The peak frequencies of tHa', L, MWNT’s are strongly dependent on the excitation energy,
andL, modes are slightly larger than that of the theoreticalwhich is attributed to the nonlinear relations between the
results, and the highest frequency of the experimentally obfrequencies of Stokes and anti-Stokes Raman modes and the
served LO phonons is located at 1624 Crmear theK/5  excitation energy. For all the dispersive Raman modes, their
point. Using a polynomial fit to the experimental data of theanti-Stokes peak frequencies excited gyare found to be
observed dispersive modes, the frequency ofhand D’ equal to their corresponding Stokes peak frequencies excited
modes are almost cubic to the wave vedajarithin the de- by a laser excitation 0, +#% wg wherefiwg is the phonon
tected wave vector regions, and their relations are, respeenergy of each Raman mode. This result is interpreted by the

IV. CONCLUSIONS
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intravalley and intervalley double resonance process oties of thel;, L,, andD’ modes are slightly larger than that
Stokes and anti-Stokes Raman scattering. Because of the pef-the theoretical results.

culiar properties of anti-Stokes Raman scattering, we probe
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