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Probing the phonon dispersion relations of graphite from the double-resonance process of Stoke
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The Stokes and anti-Stokes Raman spectra of a multiwalled carbon nanotube~MWNT! 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 lines~FDSA! of many Raman modes in MWNT’s and the discrepancy values are strongly
dependent on the excitation energy, in which the FDSA value of theD8 mode even changes from a positive
value (9 cm21, 1.58 eV! to a negative value~211 cm21, 2.54 eV!. 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 excited by«L is equal to that of the corresponding Stokes peak
excited by a laser excitation of«L1\vS where\vS 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-inducedD mode are in good agreement with the
theoretical results.

DOI: 10.1103/PhysRevB.66.245410 PACS number~s!: 78.30.Na, 63.20.Kr, 81.05.Tp, 63.22.1m
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I. INTRODUCTION

In the Raman spectra of disordered graphite, in additio
two in-plane Raman activeE2g modes located at;42 and
;1582 cm21 (G band!, there is an additional disorde
inducedD band which appears at about 1350 cm21 for green
laser excitation.1,2 The D mode also appears in the Ram
spectra of purified multiwalled carbon nanotube~MWNT!3,4

and single-walled carbon nanotube samples.6,5 In contrast to
the Raman peaks in other crystals, the frequency of the w
knownD band exhibits two important spectral features. Fir
the D-band frequency is highly dispersive and shifts w
excitation energy at a rate of 44–53 cm21 over a wide exci-
tation energy («L) range for different sp2 carbon
materials.6–18 Second, the Stokes (vS) and anti-Stokes
(vAS) components of theD-band in graphite materials7,13,19

have different frequencies, and the frequency differenc
equal to the product of the phonon energy (\vS) of the D
mode and its laser-energy dispersion]vS /]«L .7 There exists
similar spectral property for the overtone ofD mode, so-
called 2D or G8 mode and other dispersive modes.7,13 The
excitation-energy dispersion of theD mode has been suc
cessfully resolved by the double resonance process.20–22

Based on the double resonance Raman theory, Gru¨neiset al.
recently obtained the phonon dispersion relations of tw
dimensional graphite by fitting the experimental frequenc
of dispersive Raman modes in graphite materials.23 The gen-
0163-1829/2002/66~24!/245410~8!/$20.00 66 2454
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eralized double resonance process also successfully i
preted the observed two new dispersive phonon modes o
resonantly-enhanced TA and LA phonons7 and other disper-
sive modes in carbon materials.20 However, the observed fre
quency difference between Stokes and anti-Stokes com
nents~FDSA! of the D mode and other dispersive modes
graphite materials is still an open question to be resolved7

Phonon energy dispersion relation is a fundamental ph
cal property of a solid especially for determining the m
chanical, thermal and other condensed-matter phenomen9,23

Because of a slight difference of the electronic structure
phonon dispersion curves of different graphite materials
sulting from the different local properties, the dispersi
mode may have different values in different graphite mate
als. For examples, by 1.96-eV excitation, the frequencies
the D mode in graphite whisker7 and single-walled carbon
nanotubes11 are 1333 and 1323 cm21, respectively. On the
other hand, for a fixed sample, because of the limit of
perimental conditions, it is very inconvenient to measure
frequency of the dispersive Raman modes by excitations
wide energy range, and then to precisely determine the p
non dispersion curves of graphite.

In this paper, we study the Stokes and anti-Stokes sca
ing spectra of MWNT sample using four different laser e
citations. The results show that the frequency of an a
Stokes Raman mode excited by the excitation energy«L is
equal to that of the corresponding Stokes Raman modes
cited by a higher excitation energy of«L1\vS , where\vS
©2002 The American Physical Society10-1
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is the one-phonon energy of the Stokes mode. We inter
this result by the intravalley and intervalley double res
nance process of Stokes and anti-Stokes Raman scatt
based on the generalized double resonance model. Bec
of the peculiar properties of the anti-Stokes Raman sca
ing, by only a few laser excitations, we here probe the p
non dispersion relations of graphite in a wide range of p
non wave vector from the double resonance processe
Stokes and anti-Stokes Raman scatterings.

II. EXPERIMENT

MWNT samples were as-grown product prepared by
arc method at Clemson.24 The Raman spectra of MWNT’s
were recorded by two micro-Raman systems~Dilor Super
Labram and Dilor Infinity! with a typical resolution of 1–2
cm21 in a back-scattering geometry at room temperatu
The two systems consist of holographic notch filters for R
leigh rejection and a microscope with 1003 objective lens,
allowing a spatial resolution of;1.0 mm. The laser excita-
tion wavelengths are 488.0 nm~2.54 eV! and 514.5 nm~2.41
eV! of an Ar1 laser, 632.8 nm~1.96 eV! of a He-Ne laser,
and 785nm~1.58 eV! of an AlxGa12xAs diode. Typically, a
low laser power of 0.1 mW arrived at the sample was use
avoid sample heating.25 For different laser excitations, differ
ent laser powers~from 2 to 10 mW! were used to measur
the anti-Stokes Raman signal in MWNT’s. All Raman lin
at Stokes and anti-Stokes sides are carefully calibrated by
lamp under the same experiment conditions, and peak
rameters are obtained by least-squares fitting Lorentzian
shapes to the measured spectra. The anti-Stokes Raman
tra have been multiplied by the correction factorI s /I AS
5(«L2EvS

)4/(«L1EvS
)43exp(\vS/kBT) and are drawn to-

gether with the Stokes spectra with the same x-scale for c
venience in comparing them with each other.7,25

III. RESULTS AND DISCUSSIONS

A. Assignment of the observed Raman modes in MWNT’s

Figure 1 shows the Stokes and anti-Stokes Raman sp
of MWNTs in the first- and second-order spectral range
tained with the excitation energies of 1.58 and 1.96 eV,
spectively. The first-order Stokes and anti-Stokes Ram
spectra of C1 implanted highly oriented pyrolytic graphit
~C1 implanted HOPG, CHOPG! excited by«L51.58 eV are
also plotted in Fig. 1.

In Fig. 1~a!, in addition to the well-knownD, G, 2D, D
1G, and 2D8 modes located at 1306, 1572, 2606, 2889, a
3205 cm21, there are two additional high-frequency mod
at 1775 and 1871 cm21 and two additional low-frequency
modes located at 181 and 280 cm21. Two dispersive TA and
LA low-frequency phonon modes at about 250–500 cm21

have been observed in graphite whisker.7 After considering
their phonon energies atG are equal to zero, we can get the
frequency dependences on the excitation energy as the
lowing equations from the Raman data of the resonantly
hanced TA and LA phonon modes in graphite whiskervTA
5118(cm21/eV) «L , and vLA5189(cm21/eV) «L . Ac-
cording to the above equations, the excitation energy of«L
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51.58 eV can resonantly probe the TA and LA phon
modes at 186 and 298 cm21, which are close to that of two
observed low-frequency modes. Therefore, according to
assignment in graphite whisker,7 we assign the two low-
frequency modes asL1 andL2 modes. According to the fre
quency match, the two high-frequency modes at 1775
1781 cm21 can be designated asL11G andL21G modes.
However, after considering the wave vector selection rule
the second-order dispersive modes in graphite materials26 it
is more reasonable to assign the two modes at 1775 and
cm21 asL11D8 andL21D8 modes, respectively.

A band at 863 cm21 appears in the Raman spectra
MWNT’s in Fig. 1~b!. We observed a mode at 861 cm21 in
CHOPG with 1.96 eV laser excitation too.7 It is plausible to
assign the 861-cm21 mode in CHOPG as the resonantly e

FIG. 1. Stokes~SR! and anti-Stokes Raman~ASR! 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 inset to~a! gives
the Stokes Raman spectra of MWNT’s in the range of 130–4
cm21, and its right inset shows the Raman spectra of C1 implanted
HOPG where the dashed lines give the peaks used to fit the spe
The inset to~b! shows the SR and ASR spectra of 2D1G mode.
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PROBING THE PHONON DISPERSION RELATIONS OF . . . PHYSICAL REVIEW B 66, 245410 ~2002!
hanced phonon mode of the out-of-plane TO phon
branches near theG point because its frequency is 6 cm21

smaller than that ofG-centerA2u mode.20 The frequency of
863-cm21 mode is close to that of the 861-cm21 mode in
ion-implanted HOPG, however, it must be pointed out t
the frequencies of all the Raman modes of MWNT’s in F
1 redshift due to the laser-heating effect that makes one m
sure the anti-Stokes Raman signals easily.13 When using a
weaker laser power, the 863-cm21 band blueshifts to 867
cm21, which is almost equal to the frequency of infrare
activeA2u mode.1,27 The close agreement and the sharpn
~full width at half maximum intensity, 3.5 cm21) of the 867-
cm21 feature in MWNT imply that it can be related to th
vibrational mode corresponding to the out-of-planeA2u at G
point, which becomes Raman active due to a point symm
change because of the tubular structure in nanotubes an
presence of structural defects and disorders in MWNT’s.

Figure 1 also shows a mode at 1076 cm21. Because the
diameter of MWNT is so large that the size-dependent zo
folding effect is not important for the frequency of Ram
modes in MWNT, the spectral characteristics of graph
whisker, HOPG and MWNT are similar to each other.3,7

Thus, the bands at 1076 and;2453 cm21 are designated a
D9 andD91D8 modes based on the assignment in graph
whisker.7 For the Raman spectra in graphite whisker,7 only a
single band at 1130 cm21 is observed by the 1.96-eV exc
tation at the room temperature. However, with increasing
sample temperature, the intensity of the 1130-cm21 mode
decreases and a new mode is revealed at 1079 cm21 ~see Fig.
10 of Ref. 7!, which is very close to the 1076-cm21 observed
in MWNT’s. According to the recent theoretical calculatio
on the dispersion curves of graphite based on the do
resonance theory,23 we assign the lower-energy part of th
D9 mode in graphite whisker and the 1076 cm21 mode in
MWNT’s as the phonon modes near theK point to the in-
plane TA phonon branches, and the high-energy part of
D9 mode in graphite whisker as the resonantly selected p
non modes near 3K/4 point to the LA phonon branches.

B. Frequency discrepancy between Stokes and anti-Stokes
Raman modes in MWNT’s

We now analyze the Stokes and anti-Stokes Raman s
tra of MWNT. Similar to the FDSA results in graphit
whisker,7 HOPG and CHOPG,13 the frequencies of the anti
StokesD, 2D, D1G modes are larger than those of th
corresponding Stokes modes, while the Stokes and a
Stokes lines of theG mode have the same frequencies as
common theoretical prediction. At the same time, the 2D8
mode and two new observedL11D8 and L21D8 modes
also show different frequencies between Stokes and a
Stokes sides whose values are, respectively, 6, 29 an
cm21 by 1.96-eV excitation. The nonzero FDSA value of t
2D8 mode indicates that theD8 mode is a little dispersive in
MWNT, which results from the double resonance Ram
effect in graphite materials.20,23

The Stokes and anti-Stokes Raman spectra of MWN
excited by 2.54-eV excitations are also measured and sh
in Fig. 2. In contrast to the Raman spectra of HOP
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CHOPG, and graphite whisker,7,13 the Stokes and anti-Stoke
Raman spectra in MWNT’s exhibit the following differen
features. First, some FDSA values of dispersive modes
MWNT’s are much different from those in HOPG an
CHOPG. For examples, for the 1.96-eV excitation, the FD
value of theD91D mode is 20 cm21 in CHOPG, while that
in MWNTs is 9 cm21. The FDSA value of the 2D mode is
33 cm21 in graphite whisker, which is 3 cm21 higher than
that in MWNT’s. Second, the FDSA values in MWNT
strongly depend on the excitation energy«L , while the
FDSA values in HOPG and CHOPG are almost insensitive
the excitation energy when the excitation is in the range
tween 2.54 and 1.96 eV. The Stokes and anti-Stokes Ra
spectra of CHOPG excited by 1.58-eV excitation are sho
in Fig. 1. The FDSA values of the double peaks of theD
mode in CHOPG are 7 cm21, which is equal to those excite
by 1.96-, 2.41-, and 2.54-eV excitations. However, the FD
value of theD(2D) mode in MWNT’s changes from 7.7
~33.5! cm21 to 6.3 ~21.4! cm21 when the excitation energy
increases from 1.58 eV to 2.54 eV. We summarize all
data about the FDSA values in MWNT’s excited with diffe
ence sources in Table I. To get the frequencies of Ram
modes at room temperature, the Raman spectra of MWN
are measured using very low laser density and the frequ
cies of all Raman modes by four excitations are summari
in Table I.

The experimental data have shown that the FDSA va
of a dispersive mode in graphite whisker is determined by
phonon energy and its frequency dispersion on the excita
energy7

Dv~«L!uexp5\vS

]vs

]«L
. ~1!

If the peak frequency of a Raman mode is linear to the
citation energy, from Eq.~1!, one gets that the FDSA valu
of the Raman mode should be independent of the excita

FIG. 2. First- and second-order Stokes~SR! and anti-Stokes
Raman~ASR! spectra of MWNT’s obtained with 2.54-eV excita
tion.
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TABLE I. Frequency discrepancy (Dv) between the Stokes~S! and anti-Stokes~AS! components of certain Raman modes in MWN
excited by 1.58-, 1.96-, 2.41-, and 2.54-eV excitations whereDv5uvASu2uvSu. The blank cells indicate that those modes are silent, or t
positions are not easy to be determined due to weak intensity and low signal-to-noise ratio.]vS /]«L is the laser-energy dispersion of th
Stokes mode, and it is an average value for some modes~e.g.,D8, D1D9, 2D8, etc.! because the frequencies of those modes are nonli
to the excitation energy.

Assign. D9 D G D8 L11D8 L21D8 D91D 2D D1G 2D8 2D1G

]vS /]«L(cm21/eV) 3 45 0 9 130 188 218 104 48 20 102
vS,1.58 eV (cm21) 1314 1582 1615 1785 1882 2466 2619 2907 3227
Dv1.58 eV (cm21) 7.7 0 2 28 46 23 33.5 14 9
vS,1.96 eV (cm21) 1087 1335 1581 1621 1834 1956 2467 2662 2931 3237 4245
Dv1.96 eV (cm21) 3 7.2 0 2 29 49 29 30.0 11 6 51
vS,2.41 eV (cm21) 1093 1353 1582 1623 2038 2453 2708 2948 3245 4291
Dv2.41 eV (cm21) 23 5.7 21 218 24.1 23 40
vS,2.54 eV (cm21) 1089 1358 1583 1624 1910 2063 2451 2718 2953 3247 4303
Dv2.54 eV (cm21) 1 6.3 21 224 21.4 4 211
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energy. This phenomenon has been observed in the St
and anti-Stokes Raman spectra of HOPG and CHOPG wi
the laser-energy range of 1.58–2.55 eV.13 The laser-energy
dependent FDSA values of Raman modes in MWNT im
that the value of]vs /]«L in MWNT is nonlinear to the
excitation energy«L . Figure 3 shows the excitation-energ
dependence on the Stokes and anti-Stokes Raman freq
cies of theD, D8, 2D, and 2D8 modes in MWNT’s, in
which the anti-Stokes frequencies of the four modes at ro

FIG. 3. Stokes~S! ~gray down-triangles and solid diamonds! and
anti-Stokes~AS! ~gray up-triangles and solid circles! Raman fre-
quencies~a! of the D and 2D modes, and~b! of the D8 and 2D8
modes in MWNT’s as the function of the excitation energy«L . The
gray and solid lines are a guide to the eye for the frequency de
dence of first-order Raman modes and their overtones on the
tation energy, respectively.
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temperature are calculated by the FDSA values adding
corresponding Stokes frequencies measured with very
laser density. It is clear that, for MWNT samples, the fr
quency dependence of Stokes and anti-Stokes componen
theD, D8, 2D, and 2D8 modes is nonlinear to the excitatio
energy in the observed energy range of 1.55–2.55 eV. It
sults in that the FDSA value of the 2D mode in MWNT’s
even changes from 30 cm21 by 1.96-eV excitation to 21.4
cm21 by 2.54-eV excitation while that in HOPG is almost
constant of 27 cm21 within the excitation range of 1.96–
2.54 eV.13 The FDSA value of the 2D8 mode in MWNT’s
even changes from a positive value~9 cm21, 1.58 eV! to a
negative value~-11 cm21, 2.54 eV!. The different FDSA
values of Raman modes in HOPG and MWNT indicate
slight difference between the electronic structure and pho
dispersion relation between HOPG and MWNT because
the coupling between theA and B graphene layers that ar
stacked in the highly ordered•••ABAB••• structure.

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

in graphite

To quantitatively interpret the observed FDSA values
the dispersive Raman modes in HOPG, graphite whisker
MWNT, we must carefully discuss the difference of th
Stokes and anti-Stokes resonance Raman processes.28 In ad-
dition to theD mode and its overtones, there also exist oth
dispersive modes, such as theD8, D9, L1, andL2 modes and
their overtones. The D andD9 modes are explained by a
intervalley double resonnance mechanism, which occ
around two inequivalentK points at neighboring corners o
the first Brillouin zone of graphite, and theD8, L1, andL2
modes are explained by an intravalley double resona
mechanism, which occurs around theK point in the two-
dimensional Brillouin zone of graphite.20,23 Because the in-
travalley and an intervalley double resonance processes
similiar to each other, here we only focus our attention on
intravalley double resonance processes to explain the St
and anti-Stokes spectra of theD8, L1, and L2 modes and
their overtones.

n-
ci-
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FIG. 4. Schematic diagram of four intravalle
double resonance Stokes~black lines! and anti-
Stokes~gray lines! processes. The dashed line
mean an elastic scattering process.
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For the double resonance process in graphite, an elec
with momentumk @and electron energyEi(k)] is first excited
by the incident laser photon in an electron-hole creation p
cess. The electron is then scattered by emitting or absor
a phonon with momentumq to the state with momentumk
1q @and energyE(k1q)], then scattered again, back to th
state with momentumk @and electron energyEf(k)] to re-
combine with a hole. In general, there exist four possi
double-resonance scattering mechanisms for the Stokes
anti-Stokes scattering processes.20 Those four processes ca
be classified by either an incident or scattered resonance
man event, and by the fact that either an elastic or inela
event occurs first. Figure 4 shows the four possible intrav
ley double resonance processes of Stokes~solid lines! and
anti-Stokes~gray lines! Raman scatterings, in which~a! de-
notes incident resonance, inelastic first,~b! scattered reso
nance, inelastic first,~c! incident resonance, elastic first, an
~d! scattered resonance, elastic first. The difference betw
Stokes and anti-Stokes Raman scatterings is that the inel
scattering of the double resonance process occurs with a
non emission or a phonon absorption process. For the fi
order Raman modes, the above four processes are possi
contribute to the double resonance scattering of Stokes
anti-Stokes spectra.

The resonantly selected phonon vectors can be calcul
from the energy-momentum conservation condition of
double resonance process. For the double resonance pr
of a first-order Raman mode,E(k1q) is always one of the
resonant states. For cases of the incident and scattered
nancesEi(k) (5«L) and Ef(k) (5«L6\vph) are, respec-
tively, the second resonant states, in which«L is the photon
energy of an excitation. Because electrons have a linear
ergy dispersion relation near theK point of graphite, to a
first-order approximation, the equienergy contours ofE(k)
can be treated as circles with a vector ofk from the K
point,20,23,28 where E(k)5Ak in which A5A3g0a/2, a is
grahite lattice constant andg0 ~52.90 eV! the tight-binding
overlap integral parameter. The equienergy contour of a p
non energy (\vph) thus corresponds to a vector ofdk
(5\vph /A). For the Stokes case in Fig. 4~a!, «L is equal to
the energy separation between thep and p* bands with a
vectork0 @5(«L/2)/A# from theK point, the other resonan
energy of Stokes process corresponds to a circle near tK
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point with a radius ofk02dk. The phonon vectorq can be
determined by the vector transition between two points alo
the circles with radii ofk0 and k02dk aroundK, in which
the distribution of possibleq values has a one-dimension
Van Hove singularity atq5dk and q52k02dk. The
phonons associated with the second singularity give a
nificant contribution to the intravalley double resonance p
cess of the observed Raman modes, such as theD8, L1, and
L2 modes. We can also apply the same anlysis to the o
double resonance processes of the first-order Raman m
There are other three possible singularities atq52k02dk,
q52k0 andq52k0 for the Stokes cases in Figs. 4~b!, 4~c!,
and 4~d!, respectively, which contribute to the double res
nance process. There also exist four possible singularitie
q52k01dk, q52k01dk, q52k0 andq52k0 that contrib-
ute to the double resonance Raman scattering of the a
Stokes processes in Figs. 4~a!, 4~b!, 4~c!, and 4~d!, respec-
tively.

For the overtones such as the 2L1 and 2D8 modes, the
double resonance process will involve two phonons, inst
of one phonon and one defect. Thus, there only exist
possible resonant processes for an overtone of the first-o
mode, which can be classified by either an incident or sc
tered resonance Raman event. Applying the above analys
the Stokes and anti-Stokes overtones, only phonons witq
52k02dk and q52k01dk contribute to the overtones o
Stokes and anti-Stokes Raman peaks.

The above analysis can also be applied to the interva
double resonance Raman process,28 which is responsible for
the frequency dispersion of theD9 mode, theD mode and its
overtone 2D mode. In short, if we assume that the freque
cies related to the phonon vectorsu2k02dku, u2k0u, and
u2k01dku measured from theK point ~intervalley resonance
process! or G point ~intravalley resonance process! are, re-
spectively,v2 , v0 andv1 , a first-order Raman mode base
on the double resonance Raman mechanism should co
two peaks and its overtone only has one peak, in which
first-order Stokes peak consists of two peaks with frequ
cies v2 and v0, its anti-Stokes component contains tw
peaks with frequenciesv0 andv1 , and the Stokes and ant
Stokes overtones have the frequencies of 2v2 and 2v1 ,
respectively.
0-5
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Because of the broadened width~up to 50 cm21 for D
mode! of certain Raman peaks in graphite materials indu
by finite-crystal-size effects and defects, two peaks that o
have a frequency separation of several wavenumber alm
cannot be clearly resolved from a broad first-order Ram
mode. To check the two-peak behavior in the first-order R
man modes of graphite materials, we discuss the Stokes
anti-Stokes spectra of theL1 , L2, andD modes of graphite
whisker because Raman peaks in graphite whisker h
much smaller widths than other materials.7 Figure 5 clearly
shows that the Stokes and anti-StokesL2 modes do not ex-
hibit a Lorentzian line shape and the Stokes and anti-Sto
components of theL1 andD modes reveal asymmetric pro
files. We use two Lorentzian peaks atv2 andv0 to fit theD
mode in the Stokes side, and two Lorentzian peaks atv0 and
v1 to fit the D mode in the anti-Stokes side. Moreover, w
use two single Lorentzian peaks at 2v2 and 2v1 to sepa-
rately fit the 2D mode in the Stokes and anti-Stokes sp
trum. In the fitting process, three Lorentzians atv2 , v0 and
v1 keep almost the same peak widths, but their intensi
are adjustable to get a good fitting to the asymmetric pro
of theD mode at Stokes and anti-Stokes sides. We also a
the similiar fitting to the Stokes and anti-Stokes spectra
the L1 and L2 modes. Seen from Fig. 5, two Lorentzia
peaks can give a good fit to the Stokes and anti-Stokes fi
order modes. Obviously, the Stokes and anti-StokesL2 peaks
can be decomposed into two peaks with almost the s

FIG. 5. Stokes~S! and anti-Stokes~AS! Raman spectra of the
L1 , L2, andD modes and the overtone 2D mode in graphite whis-
kers excited by 632.8 nm laser excitation. The frequency of theD
mode has been divided by two to have the same frequecny sca
the D mode. The Stokes and anti-Stokes peaks of each first-o
mode have been fitted by the peaksv2 ~dotted lines!, v0 ~solid
lines!, andv1 ~dashed lines!.
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intensities and locate at (v21v0)/2 and (v01v1)/2. How-
ever, the low-energy peaks of theL1 andD modes are much
stronger than their high-energy peaks. Thus, for theL1 andD
modes, their Stokes peaks appear atv2 and their anti-Stokes
peaks atv0, but the Stokes and anti-Stokes 2D modes still
locate at 2v2 and 2v1 , respectively. This results in that th
Stokes 2D mode of graphite whisker is almost centered
two times the StokesD-mode frequency, but the anti-Stoke
2D mode is about 2(v12v0) higher than the two times
frequency of the anti-StokesD mode.

For the intervalley and intravalley double resonance p
cess, Raman results in graphite whisker show that the Sto
and anti-Stokes lines of theL2 center at the frequencies rela
tive to the wave vectors of 2k02dk/2 and 2k01dk/2
@52(k01dk/2)2dk/2#, and those of theL1 and D modes
appear at the frequencies relative to the wave vectors
2k02dk and 2k0 @52(k01dk/2)2dk#, respectively, where
2k0 and 2(k01dk/2) separately correspond to the excitati
energies of«L and«L1\vS . From the above expressions
two brackets, we can get an important relation between
frequencies of Stokes and anti-Stokes peaks

vAS~«L!5vS~«L1\vS!. ~2!

For a dispersive mode~e.g., theL2 mode! that is composed
by two peaks with almost the same intensity, thevAS andvS
in Eq. ~2! correspond to the average frequency value of
two peaks of the dispersive mode. Eq.~2! indicates that the
frequencyvAS of an anti-Stokes peak excited by an excit
tion of «L is equal to that of the corresponding Stokes pe
excited by a laser excitation of«L1\vS . For an overtone,
its Stokes and anti-Stokes peaks have the frequencies ofv2

and 2v1 , and thus we have the following expression
derive the frequency of an anti-Stokes overtone from tha
the corresponding Stokes overtone:

2vAS~«L!52vS~«L12\vS!. ~3!

Eq. ~3! can be deduced from Eq.~2! just replacing the fre-
quency (vph) of the first-order peak with that (2vph) of its
overtone.

Beside the first-order Raman modes and their overton
we find that Eq.~2! can also be applied to the other comb
nation modes (L11L2 , L11D8, L21D8, D1G, 2D1G,
etc.!. For example, the FDSA value of the 2D1G mode is
51 cm21 by 1.96-eV excitation, which is very close to th
Stokes frequency difference~57 cm21) of the 2D1G mode
by two different excitations of 1.96 eV and 2.54 eV
(51.96 eV1\v2D1G10.04 eV) where an additional en
ergy of 0.04 eV contributes to the additional Stokes f
quency difference of 6 cm21. If the frequency of a dispersive
mode has a linear relation to the excitation energy, the FD
value of the dispersion mode is simply related with the ph
non energy and its excitation-energy dispersive behavior

Dv~«L!5vAS~«L!2vS~«L!

5vS~«L1\vS!2vS~«L!

5\vS

]vs

]«L
. ~4!
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This equation has been confirmed by the experimental
of the Stokes and anti-Stokes Raman spectra of grap
whisker.7

Usually, Stokes Raman spectra can only provide the
formation of first-order dispersive modes, because the
quency of a higher-order Raman mode is just the sum of
frequencies of its fundamental modes. Equation~2! suggests
that the frequencyvS of a first-order or higher-order Stoke
mode by excitation«L1\vS can be detected by the fre
quencyvAS of the corresponding anti-Stokes mode by ex
tation «L . For example, the anti-Stokes frequency of t
2D8 mode by 2.54-eV excitation is 3235 cm21, then we can
get the Stokes frequency of the 2D8 mode by 2.94-eV~2.54
eV1\v2D8) excitation are 3235 cm21. Therefore, the anti-
Stokes modes provide more information on the excitati
energy dispersion properties of dispersive Raman mode

D. Phonon dispersion relation of graphite
determined from double resonance Stokes

and anti-Stokes Raman processes

The dispersive properties of anti-Stokes Raman mode
low us to probe the phonon dispersion relations of grap
materials by the double resonance anti-Stokes Raman
cess. From the frequency (vAS) of an anti-Stokes mode ex
cited by an excitation of«L , we can obtain the frequency o
the corresponding Stokes mode excited by«L1\vAS. To-
gether with the frequencies of Stokes modes, there are
eral pairs of the Stokes frequency and its excitation energ
neglecting the trigonal warping effect,29 a Stokes first-order
mode locates at the frequency relative to the wave vecto
2k02dk/2 while its overtone is contributed from the phono
with the wave vector of 2k02dk,30 in which wave vectors
2k0 and dk are determined by the excitation and phon
energies, respectively. In this way, the frequencies and w
vectors of the first-order peak and its overtone can be de
mined. By using a simple tight-binding electronic energy c
culation with tight-binding overlap energy parameterg0
52.90 eV,31 we can obtain the wave vectork of the elec-
tronic state that resonant with an excitation energy, and t
get the phonon wave vectorq of the observed phonon mode
We calculate the phonon wave vectors contributed to
anti-Stokes and Stokes components ofL1 , L2 , D, D8, 2D,
2D8, and 2D1G modes excited by four excitation energie
and plot them in Fig. 6 together with the recent calcula
phonon dispersion relations of graphite. To get the pho
dispersion relation of two acoustic modes, we also add so
data of theL1 andL2 modes in graphite whisker.7

The frequency data of the dispersiveD mode shown in
Fig. 6 are in good agreement with the recent fitted phon
dispersion relations.23 The peak frequencies of theD8, L1,
andL2 modes are slightly larger than that of the theoreti
results, and the highest frequency of the experimentally
served LO phonons is located at 1624 cm21 near theK/5
point. Using a polynomial fit to the experimental data of t
observed dispersive modes, the frequency of theD and D8
modes are almost cubic to the wave vectorq within the de-
tected wave vector regions, and their relations are, res
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tively, vD(q)522355114283q217707q217052q3 (3/4
,q,7/8) andvD8(q)515821168q11242q225316q3 (0
,q,1/4), whereq is in unit of qK . The fitting results
clearly show that the nonlinear behavior of the phonon d
persion relations of graphite within the detected wavevec
regions. Using the dispersive properties of the anti-Sto
modes, only by four excitations, we obtain the experimen
data of the phonon dispersion relation in the Brillouin regi
covered by the excitation energy«L from about 1.55 eV to
3.0 eV. Therefore, the anti-Stokes double Raman scatterin
very useful to probe the phonon dispersion relations
graphite.

IV. CONCLUSIONS

In summary, the Stokes and anti-Stokes Raman spectr
MWNT’s have been studied in this paper by four excitati
energies. The observed Raman modes in MWNT’s are
signed on the base of the double resonance Raman effec
previous results of graphite whiskers. Many Raman mode
MWNT’s have different frequencies between their Stok
and anti-Stokes lines. The values of frequency differen
between the Stokes and anti-Stokes lines of Raman mod
MWNT’s are strongly dependent on the excitation ener
which is attributed to the nonlinear relations between
frequencies of Stokes and anti-Stokes Raman modes an
excitation energy. For all the dispersive Raman modes, t
anti-Stokes peak frequencies excited by«L are found to be
equal to their corresponding Stokes peak frequencies exc
by a laser excitation of«L1\vS where\vS is the phonon
energy of each Raman mode. This result is interpreted by

FIG. 6. Experimental data of the phonon dispersion relations
graphite alongG-K axis determined by the observed frequencies
the Stokes modes~crosses,L1 , L2 , D, andD8), anti-Stokes modes
~diamonds,D, D8, 2D, 2D8, and 2D1G) and zone-center or edg
modes~solid circles,A2u , D9, andG) in MWNT’s. Some experi-
mental data of theL1 , L2, and 2L1 modes are obtained from th
Stokes and anti-Stokes Raman spectra of graphite whiskers.
0-7
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PINGHENG TAN et al. PHYSICAL REVIEW B 66, 245410 ~2002!
intravalley and intervalley double resonance process
Stokes and anti-Stokes Raman scattering. Because of th
culiar properties of anti-Stokes Raman scattering, we pr
the phonon dispersion relations of graphite from the dou
resonance process of Stokes and anti-Stokes Raman sc
ings. The dispersive Raman data of theD mode are in good
agreement with the theoretical results, and the peak freq
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