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Chirality-selective Raman scattering of theD mode in carbon nanotubes
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~Received 16 June 2001; published 11 September 2001!

We show thatD-mode Raman scattering in single-walled carbon nanotubes is due to a double-resonant
Raman process. The unusual shift of theD-mode frequency with excitation energy is even expected for a single
nanotube. The magnitude of the shift and theD-mode frequency depend strongly on the tube’s diameter and
chirality. Only tubes with (n12n2)/3n integer contribute to theD-mode spectrum because of the particular
electronic structure of carbon nanotubes.
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The Raman spectra of carbon nanotubes have been w
studied in first and second-order scattering. The obser
first-order Raman modes are usually divided into low-ene
modes at '200 cm21 and high-energy modes a
'1600 cm21 ~so-calledG mode!. Similar to graphite, the
Raman spectra exhibit an additional peak around 1350 cm21,
which cannot be attributed to a Raman-activeG-point vibra-
tion. It has been known for long that this so-calledD mode in
graphite is disorder induced and corresponds to an op
phonon near theK point of the Brillouin zone.1,2Additionally
and for a long time a mystery, in both materials the f
quency of theD mode depends on excitation energy.3,4 Fre-
quency shifts of theD mode in carbon nanotubes of 3
cm21/eV, 53 cm21/eV for single-walled and 43 cm21/eV
for multi-walled tubes have been reported.5,6,4 The same
holds for the second-order peakD* ~sometimes referred to
asG8), which occurs at twice the frequency of theD mode
and shifts by about twice the rate with excitation ener
Recently, the excitation-energy dependence of theD mode in
graphite has been explained successfully as due to de
induced, double-resonant Raman scattering.7 Because of
their related electronic structure the question arises wheth
similar mechanism is present in carbon nanotubes as we

In this paper we apply the double-resonance mode
carbon nanotubes. Although the origin of theD mode is es-
sentially the same as in graphite, we find that the o
dimensional electronic band structure in nanotubes stron
alters the double-resonance condition. Only in tubes wit
particular condition for (n1 ,n2) we find theD mode, which
agrees with recent experimental findings. Moreover, we p
pose that theD mode of single tubes, in general, consists
two peaks, their separation depending on excitation ene

Carbon nanotubes are classified into metallic tubes
(n12n2)/3 is integer and semiconducting tubes otherwi
where n1 and n2 are the components of the chiral vecto
Indeed the electronic density of states in first-order appro
mation is the same for all metallic and all semiconduct
tubes and depends only on diameter.8 The details of the elec
tronic band structure, though, in particular, the wave vect
kS at which the singularities in the density of states appe
depend on a stronger condition forn1 and n2. In all semi-
conducting tubes the singularities for optical transitions
the range of visible light are at theG point of the Brillouin
zone, i.e.,kS50. Also in some metallic tubeskS is at theG
point, as in metallic zigzag tubes (n1/3 integer andn250).
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In general,kS50 for all tubes with (n12n2)/3n not being an
integer (R51), wheren is the greatest common divisor o
n1 ,n2. For tubes with integer (n12n2)/3n (R53), the sin-
gularities in the density of states occur near 2p/3a. All arm-
chair tubes belong to this category; they additionally exh
a crossing of valence and conduction bands at the Fe
wave vectorkF52p/3a.9

For the calculation of a double-resonant Raman proc
the usual assumption that resonances are governed by
joint density of electronic states is no longer valid. Inste
the full electronic dispersion has to be considered. We w
show that the classification intoR53 andR51 divides the
tubes into those where one expects and does not expect tD
mode, respectively. We start our investigation by consider
armchair tubes, which are most familiar from the literatu
After that we extend our model to general chiral tubes.

In armchair tubes optical transitions between the vale
and conduction band in the range of visible light occur n
kF52p/3a. Optical transitions between the bands whi
cross at kF52p/3a are forbidden by selection rules. A
defect-induced Raman process with two resonant transit
is then possible as shown in Fig. 1. The incoming pho
resonantly excites an electron-hole pair nearkF ~1!, and the
electron is resonantly scattered by a phonon across
G-point to '2kF ~2!. The electron is scattered back elas
cally by a defect to a virtual state~3!, and the electron-hole
pair recombines Eq.~4!. For a given incoming resonanc
only a unique combination of phonon energy\vph and pho-
non wave vectorq fulfills the double-resonance condition
The phonon wave vectorq involved in the above process i
uqu'2kF54p/3a5:q0. In zone folding this corresponds t
a phonon mode originating from theK point of graphite and
hence yields a phonon energy in the range of theD mode. If
the excitation energy is increased, the incoming~or, alterna-
tively, outgoing! resonance occurs at a greater distance fr
kF . Therefore, the phonon wave vector leading to the sec
resonant transition becomes smaller or larger, depending
which side of the minimum the electron-hole pair was e
cited, see Fig. 1. As there is a minimum in the optical phon
dispersion atq054p/3a, the phonon energy increases if th
phonon wave vector moves away fromq0.

We calculate the Raman cross section for defect-indu
scattering, which is given by fourth-order time-depende
perturbation theory:10
©2001 The American Physical Society07-1
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wherea,b are the intermediate electronic states,Eai (Ebi) is
the energy difference of the initial electronic statei and the
two intermediate statesa (b), andg is the reciprocal lifetime
of the intermediate states. We assume the matrix elementM
to be constant, but include the selection rules for opti
absorption and electron-phonon coupling. The sum in Eq.~1!
is taken over all possible intermediate states and bandm,
where the band indexm corresponds to the discrete statesk'

perpendicular to the tube axis originating from the period
ity along the cirumference of the tube. For the electro
dispersion we use the symmetry-based tight-binding appr
mation with an overlap integralg052.9 eV.11 We choose
the incoming and outgoing light as polarized parallel to
tube axis~z! since this configuration was found to contribu
most of the Raman signal in single-walled nanotubes.12–14

For other scattering geometries our results do not cha
fundamentally. TheDm selection rule forz-polarized optical
transitions isDm50,15 and the electron can only be sca
tered by a phonon within the same band. Therefore o
phonons with band indexm50 (A1g symmetry at the
G-point! are allowed. If the phonon wave vectorq.p/a, the
bandm50 changes intom5n, becausem is not conserved
at the zone boundary.16 This is depicted for the optical
phonon dispersion in armchair tubes in Fig. 1~bottom!; only

FIG. 1. Top: Defect-induced, double-resonant Raman proces
the electronic band structure of a~10,10! tube. The electronic ener
gies are given in eV. In the energy range of visible light an electr
hole pair is excited nearkF52p/3a and scattered by a phono
across theG point. For a resonant transition the phonon wave vec
is '4p/3a. The electron is elastically scattered back by a def
and the electron-hole pair recombines. Bottom: Optical phonon
persion bandsm50 and m5n as obtained by zonefolding from
graphite ~solid line!. The minimum at 2p/3a of the m5n band
corresponds to theK-point phonon in graphite~dashed line:K-point
at 4p/3a andM-point at 2p/a).
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the bandsm50,n are shown. The armchairm5n band cor-
responds to the graphite phonons in theG2K2M direction
with qP]p/a,2p/a] and thus contains theK point of graph-
ite. For the phonon dispersion we use a model dispers
adapted to experimental and calculated values of theG and
K-point frequencies,17 which additionally reflects the sym
metry of the hexagonal Brillouin zone of graphene.

In Fig. 2 we show the Raman spectra calculated with
~1! for an ~11,11! tube at three different excitation energie
The full calculated spectrum is displayed in the inset. W
find a peak in the frequency range of theD mode, which is
clearly dependent on the laser energy. Evidently our calc
tions reproduce the experimentally observedD mode. The
calculatedD mode is not symmetric and actually consists
two close together peaks. Their separation depends on
excitation energy; the smaller peak which appears as a sh
der on the low-frequency side shifts with excitation ener
across the main peak. There are three reasons for this do
peak structure: the minimum of the electronic bands
shifted fromkF52p/3a, both the electron and phonon dis
persion are not exactly symmetric around the minimum, a
incoming and outgoing resonance yield a slightly differe
D-mode energy. The first two reasons account for the as
metry of the peaks and their separation depending on ex
tion energy. Incoming and outgoing resonances are not
solved in our calculated spectra, but become visible when
dispersions are modified to be symmetric around the mini

In Fig. 3 ~top! the calculated frequency of theD mode is
shown for a~10,10! and an~8,8! tube as a function of exci-
tation energy. The frequency shifts of theD mode are 42
cm21/eV for the main peak and 76 cm21/eV for the low-
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-
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FIG. 2. CalculatedD mode of the~11,11! tube ~diameter 1.49
nm! at three different laser energies. The reciprocal lifetime of
electronic states isg50.1 eV. The dashed lines are a fit by tw
Lorentzians. The small shoulder above 1400 cm21 originates from
the phonon density of states at the phonon wave vector which
responds to theM point of graphite. The complete first-order spe
trum is shown in the inset.
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energy shoulder in the~10,10! tube and 56 cm21/eV and 77
cm21/eV in the ~8,8! tube, respectively. For comparison w
show in Fig. 3~bottom! the experimentally obtainedD-mode
shift of unoriented single-walled nanotubes with a mean
ameter of 1.3 nm.18 In the inset theD mode at a laser energ
of 2.66 eV is shown. Similar to our calculations, theD mode
consists of a main peak with a shoulder on the low-ene
side. The shifts of the two peaks are 47 cm21/eV and 63
cm21/eV. The calculated slope of the energy shift as well
the double-peak structure are in excellent agreement with
experiments.

In our calculations, the energy shift of the main peak
creases with decreasing tube diameter whereas the abs
energies decrease. This is easily understood from the dou
resonance process in Fig. 1. For smaller diameters the en
separation between valence and conduction band is la
Therefore, at a given excitation energy a resonant transi
occurs closer to the conduction-band minimum. First, t
requires a phonon wave vector closer toq0 for the second
resonant transition which leads to a smaller phonon ene
Second, the slope of the electron dispersion is smaller n
the conduction-band minimum. The wave vector of the i
tial state as well as the phonon wave vector in the resona
process depend stronger on excitation energy than fo
larger slope in the electron dispersion. The same effect
curs if the overlap integralg0 is varied; with decreasingg0
the excitation-energy dependence of theD mode increases
but the absolute frequencies of theD mode are smaller.

The calculations discussed so far are for Stokes scatte
In anti-Stokes scattering we find theD-mode frequencies to
be by '13 cm21 higher than in the Stokes spectra. Aga
this up-shift follows from the double resonance. At a giv
excitation energy the phonon required for the second re
nant transition is at a greater distance fromq0 than in Stokes
scattering and therefore has a higher frequency. Experim

FIG. 3. Top: Calculated shift of theD mode as a function of
excitation energy for the~10,10! tube ~open circles! and the~8,8!
tube~solid circles!. The diameters of the tubes are 1.36 nm and 1
nm for the~10,10! and the~8,8! tube, respectively. For the~11,11!
tube ~not shown! we obtained a shift of the D-mode peaks of 3
cm21/eV and 65 cm21/eV. Bottom: Experimental shift of theD
mode of nanotubes with a mean diameter of 1.3 nm. The solid l
are linear fits to the data points. Their slope is given next to
lines.
12140
i-

y

s
he

-
lute
le-
rgy
er.
n

s

y.
ar
-
ce
a

c-

g.

o-

n-

tally, the difference between Stokes and anti-Stokes frequ
cies has been observed in graphite and is also expecte
carbon nanotubes.19 The second-order modeD* is contained
in the double-resonance model as well. The condition for
double resonance does not change in second order with
spect to first order. Instead of defect scattering the exc
electron ~Fig. 1! is scattered twice by phonons with sam
energy but opposite wave vector and with a much lar
Raman signal, because it is a Raman-allowed process.
leads to theD* mode in second-order spectra at twice t
frequency of the first-orderD mode. Consequently, the fre
quency shift of theD* mode as a function of excitation
energy is twice the first-order shift, as observ
experimentally.4,5

We now turn to the discussion of general tubes. For
presence of theD mode and its excitation-energy dependen
it is essential that the minima of both the electron a
optical-phonon dispersion are around 2/3 of the Brillou
zone as in armchair tubes. The electron wave vectorki at
which the resonant optical transition occurs and the pho
wave vector associated with theD-mode frequency both
originate from the same part of the graphite Brillouin zon
The double-resonance process, on the other hand, involv
phonon wave vectorq'22ki , see Fig. 1. The condition fo
double-resonantD-mode scattering is thusq'22ki5ki
62p/a, which directly yieldski52p/3a for the wave vec-
tor of the electronic transitions. As discussed in the beg
ning, only if R53 the resonant optical transitions occ
close to 2p/3a. Therefore, we expect theD mode only for
tubes withR53. This is not a selection rule in the sense th
scattering inR51 tubes was forbidden by symmetry; but
R51 tubes the double-resonance condition cannot be
filled by phonons with theD-mode frequency and wave vec
tors. Experimentally, a peak originating from a high phon
density of states might still be observed. It should, howev
be weak in intensity and not show the excitation-energy
pendence.

In Fig. 4 we show the calculatedD-mode spectrum of the
~8,2! tube (R53) for three different excitation energies. W

9

s
e

FIG. 4. CalculatedD mode of an~8,2! tube at three different
laser energies. The~8,2! tube has a diameter of 0.72 nm andR
53. The main peak shifts by 40 cm21/eV and the smaller peak by
27 cm21/eV. Note that the reciprocal lifetimeg50.05 eV is
smaller than in the calculation for the~11,11! tube, Fig. 2.
7-3



e
ot

fre

ns
y

be

th
o
d

by

im
en

he

is-
this
o-
en-
a

fect-
l the

ell
a
eak
is

low
hat

ng
-

ge-

RAPID COMMUNICATIONS

J. MAULTZSCH, S. REICH, AND C. THOMSEN PHYSICAL REVIEW B64 121407~R!
find again a double-peak structure in theD-mode frequency
range which shifts by 40 cm21/eV ~main peak! and 27
cm21/eV ~small peak on the low-energy side! with increas-
ing excitation energy.

In zigzag tubes (R51) the conduction-band minima ar
either at theG point or at the zone boundary; we do n
expect theD mode at all. Moreover, in zigzag tubes them
50 phonon band is above the frequency range of theD
mode. Nevertheless, even if we modified the phonon
quencies with respect to graphite or included theE1g ,E2g
(m51,2) phonon bands for other scattering configuratio
we neither obtained theD mode nor the excitation-energ
dependence by evaluating Eq.~1!.

In the preceeding discussion we showed that only tu
with R53 contribute to theD mode in first-order Raman
spectra. The fact that particular single tubes do not show
D mode at all has been confirmed in first experiments
isolated single-walled nanotubes.20 Raman spectra recorde
from other single tubes in contrast exhibit aD mode which
has nearly the same intensity as the high-energyG mode.12

Another experimental finding is qualitatively explained
our calculations. Gru¨neiset al.6 reported that the shift of the
D mode in carbon nanotubes is not fully linear but super
posed by a sine-like function. The excitation-energy dep
dence of theD mode in our model is only linear if both
dispersions are linear as well. A small deviation from t
lid
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linearity is caused by the modified electron and phonon d
persion in nanotubes with respect to graphite. To study
behavior theoretically we need to include the modified ph
non dispersion for specific carbon nanotubes and its dep
dence on the nanotube diameter, which will be done in
future work.

In conclusion, we showed that theD mode in the first-
order Raman spectra of carbon nanotubes is due to a de
induced, double-resonant Raman process. In our mode
excitation-energy dependence of theD mode is a property of
an individual tube. We calculated shifts of theD mode as a
function of excitation energy between 35 and 56 cm21/eV
depending on tube diameter and chirality, which agrees w
with experimental data. TheD mode of nanotubes exhibits
double-peak structure with the low-energy secondary p
shifting at a rate different from the main peak, which
found experimentally as well. The second-order modeD*
and the difference in Stokes and anti-Stokes scattering fol
from the double-resonance model. Finally, we showed t
all armchair tubes, most of the metallic chiral tubes~namely,
those withR53), and none of the zigzag or semiconducti
chiral tubes show double-resonantD-mode scattering. There
fore, a single tube, which exhibits a strongD mode in the
Raman spectra, can be identified as metallic.
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