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Origin of dispersive effects of the RamanD band in carbon materials
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The origin and dispersion of the anomalous disorder-induced Raman band (D band! observed in allsp2

hybridized disordered carbon materials near 1350 cm21 is investigated as a function of incident laser energy.
This effect is explained in terms of the coupling between electrons and phonons with the same wave vector
near theK point of the Brillouin zone. The high dispersion is ascribed to the coupling between the optic
phonons associated with theD band and the transverse acoustic branch. The large Raman cross section is due
to the breathing motion of these particular phonons near theK point. Our model challenges the idea that the
RamanD peak is due to laser-energy-independent features in the phonon density of states, but rather is due to
a resonant Raman process.@S0163-1829~99!50410-4#
e
a

th

a
x

-

-

s

re
t

o

bo

ime,
for
r in
ed

the

-

es
lly
of

of

car-

ive

he
ere

t be
f-
, in

in

gle-
ing.
o-
e

It has been known for almost 30 years that a mod
amount of disorder can give rise to a band in the Ram
spectrum of graphitic materials, which is not present in
Raman spectrum of single-crystal graphite.1 This so-called
disorder-induced band~or D band! occurs at about 1350
cm21 for a laser excitation wavelength (lL) of 488 nm and
its intensity (I D) scales inversely with~graphitic! particle
size. For a givenlL , the intensityI D can be quantitatively
compared2 to the intensity of the Raman-allowedE2g2

mode

(I G) to yield the in-plane crystallite sizeLa . Vidano et al.3

performed a systematic investigation of the Raman spectr
different kinds of carbon materials by varying the laser e
citation energyEL ~or the wavelengthlL), and they observed
that the frequency of thisD band upshifts rapidly with in-
creasingEL . It was also reported in this work that the fre
quency of the related overtone of theD band, the so-called
second-orderG8 band~observed at about 2700 cm21 using
488 nm laser excitation!, also shifts with changing laser en
ergy. The slope of theEL dependence of theG8 band fre-
quency]v/]EL was found to be approximately two time
greater than that for the disorder-inducedD band. Another
important result reported by Vidanoet al.3 was that the
second-orderG8 band exhibits a laser-dependent peak f
quency even in the case of single-crystal graphite, where
disorder-inducedD band is absent.

The same laser energy dependences of theD andG8 Ra-
man bands were found to occur in different kinds of carb
materials, such as graphon carbon black,4 hydrogenated
amorphous carbon,5 glassy carbon and crystalline graphite,6,7

multicomponent carbon films,8 and carbon nanotubes,9,10

and, in fact, these features are common to all kinds of car
materials containing condensed aromatic structures.
PRB 590163-1829/99/59~10!/6585~4!/$15.00
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Despite the fact that the presence of theD band and its
laser energy dependence have been known for some t
and that the intensity of this band is commonly used
practical applications to evaluate the amount of disorde
carbon materials,2 no detailed model has ever been propos
to explain the physical origin and the dispersion effect of
D band. In the model proposed by Tuinstra and Koenig1 in
1970, the appearance of theD band was explained by con
sidering the relaxation of the fullD6h symmetry for the case
of finite graphite crystallites, thereby allowing many mod
to show Raman activity. This model was later theoretica
supported by a comprehensive molecular-orbital study
A1g breathing modes in small aromatic clusters.11 A closely
related approach, which involves the general relaxation
symmetry, is the density-of-states~DOS! model,12,13 which
correlates features in the Raman spectrum of disordered
bons to features in the DOS.

However, both of the models described above fail to g
an explanation of the observed dispersion of theD band with
laser energy, which was first noted by Vidanoet al.,3 after
the introduction of the two models described above. If t
features in the Raman spectra of disordered carbons w
simply due to DOS singularities, these features should no
dispersive. Some workers14 have attributed the dispersion e
fect to selective sampling of various sized carbon clusters
analogy with a similar effect observed in polyacetylene.15,16

However, this selective sampling model cannot explain,
the limit of large crystallites (La→`), the dispersion of the
second-order band observed experimentally for ideal sin
crystal graphite, which shows no disorder-induced scatter

The first qualitative explanation for this effect was pr
posed by Baranovet al.,6 who suggested that the dispersiv
R6585 ©1999 The American Physical Society
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phonon frequencies were somehow due to selective coup
between phonons and electronic states having the same
nitude of the wave vector. According to this model,all pho-
non branches should contribute, which is not observed
perimentally. We present here a model, which expla
quantitatively the experimental Raman data and gives ph
cal grounds for the dispersive behavior and for the la
Raman cross-section of the particular phonon branch wh
gives rise to the disorder-inducedD band and the related
second-orderG8 band.

Because of the small variations in the mode frequenc
for the D band from onesp2-based carbon to another, w
consider hereD-band data for three differentsp2-based car-
bons: PPP-2400, which denotes polyparaphenylene~PPP!
heat treated to a temperature of 2400 °C,17 highly oriented
pyrolytic graphite~HOPG!, and glassy carbon.7 Since PPP
carbonizes in the temperature range 7002800 °C by the de-
sorption of volatile species, the residue material after h
treatment to 2400 °C is a hard carbon which forms sh
graphene ribbons that are stacked with interplanar correla
lengths of only a few layers, based on x-ray-diffracti
data.18 Literature values for glassy carbon heat treated
2000 °C were used for comparison. For the second-o
spectra, measurements were made on PPP-2400 an
highly oriented pyrolytic graphite~HOPG!, and literature
values were used for glassy carbon.7

Raman-scattering experiments were performed at amb
conditions using a back-scattering geometry for the follo
ing laser excitation lines: krypton 647 nm~1.92 eV! and 407
nm ~3.05 eV!, and argon 514.5, 488, and 458 nm~2.41, 2.54,
and 2.71 eV, respectively!. The spectral resolution of th
system was always better than 2 cm21. Figure 1 shows the
Raman spectra of PPP-2400 obtained with three diffe
laser excitation energies. Note that the position of theE2g2

graphite band at 1580 cm21 ~theG band! does not depend on
the laser energyEL , whereas the peak frequency of theD
band near;1350 cm21 increases with increasing laser e
ergy. It is also interesting to observe in this figure that
ratio of the integrated intensities of theD and G bands

FIG. 1. Raman spectrum of PPP-2400 obtained with laser wa
lengths 647 nm~1.92 eV!, 514.5 nm~2.41 eV!, and 457.9 nm~2.71
eV!.
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(I D /I G) decreases with increasing laser energyEL .19

These facts have led to the misinterpretation20 of the so-
called Knight formula,La5C(I D /I G)21, whereC544 Å.
This value of the prefactorC is only applicable nearlL
5514.5 nm, sinceC must depend onlL to accommodate for
a lL-dependent intensity ratioR(lL)5I D /I G such thatLa
5C(lL)/R(lL) where C(lL) is a variable scaling coeffi-
cient. To estimate the appropriateC(lL) for a given wave-
lengthlL ~in nm!, we use the observation that for PPP-24
and for all other available data on glassy carbons6,7 and car-
bon blacks4 heat treated above 2000 °C,R is linear in
lL (400,lL,700 nm!: R(lL)'R01lLR1 . We can then
estimateC(lL) in the linear regime asC(lL)'C01lLC1 ,
where C0 and C1 were estimated to be2126 Å andC1
50.033, respectively, usingR(lL) data for PPP-2400.

In Fig. 2 we plot the laser energy (EL) dependence of the
frequencies of theD band for PPP-2400~see Fig. 1! and for
glassy carbon, using data reported by Wanget al.7 The
D-band frequencyv vs EL data can be well fit by straigh
lines. The slopes ]v/]EL are the same, ]v/]EL
551 cm21/eV, for the twosp2 carbon materials in Fig. 2
and the intercepts are 1234 cm21 for PPP-2400, and 1223
cm21 for glassy carbon, respectively. The corresponding
sults for the second-orderG8 band are also plotted in Fig. 2
for PPP-2400, glassy carbon7 and graphite. The fitting pa
rameters of the linear regression for the slopes]v/]EL for
the second-orderG8 band show that the slopes for all thre
samples are the same, and are approximately two times
slope]v/]EL for the D band, confirming that this second
orderG8 band is the second harmonic for theD band. It is
interesting to note that although single-crystal graphite
no D band, it does have aG8 band very similar to that of the
disordered carbons. The variation in theD- and G8-band
frequencies obtained with the same laser energy for the
ferent carbon materials is ascribed to the slightly grea

e-

FIG. 2. Dependence of the frequencies of theD band and the
second-orderG8 band on laser energy (EL) for PPP-2400 and
glassy carbon~Ref. 7!. Measurements on crystalline graphi
~HOPG! are included for the second-order Raman band.
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force constants for more well-ordered carbons. Theref
the frequency of the second-orderG8 band for crystalline
graphite is the highest among all carbon materials, as c
firmed experimentally in Fig. 2. To explain the physical ba
for our experimental results, let us start the discussion
comparing the electron and phonon dispersion curves
two-dimensional~2D! graphite.21,22 We note in the electron
dispersion curve in the upper part of Fig. 3, that electro
transitions between thep andp* electronic states with en
ergies corresponding to visible photons only occur in
vicinity of the K point in the Brillouin zone~BZ!. Because of
the lineark dispersion of thep and p* bands near theK
point, a resonance between the laser energy and thep-p*
electronic transition occurs at a different pointkW of the BZ
for each laser energyEL , that is,

EL5DE~kW !5Ec~kW !2Ev~kW !, ~1!

where EL is the incident laser energy andEc,v(kW ) are the
electronic conduction or valence band energies. T
p-electron dispersion near theK point in 2D graphite is
nearly isotropic,23 and because of the degeneracy ofEc(kWK)
andEv(kWK) at theK point, the energy differenceDE between
the valence and conduction bands can be written as

DE~Dk!5Ec~Dk!2Ev~Dk!5A3a0g0Dk, ~2!

whereDk is the distance between a givenkW point within the
BZ and theK point (DkW5kWK2kW ), while g0;3.0 eV is the

FIG. 3. Electronic energy bands of 2D graphite~top! ~Refs. 21
and 22!. Phonon dispersion curves of 2D graphite~bottom! ~Refs.
21 and 22!. Both the phonon branch that is strongly coupled
electronic bands in the optical excitation, and the electronic ba
near the Fermi level (E50) that are linear ink are indicated by
heavy lines. The slope for the TA phonon branch is also indica
by heavy lines.
e,

n-
s
y

or

c

e

e

nearest-neighbor C-C overlap energy, anda0 is the in-plane
graphite lattice constant~2.46 Å!.

Baranov et al.6 explained qualitatively the laser energ
dependence of theD-band frequency by considering the o
tic phonon branch which produces theE2g2

phonons at theG
point. Recently Pocsiket al.24 reported a similar explanation
for this phenomena. This phonon branch is represented
the heavy curve in the phonon dispersion curves displaye
the lower part of Fig. 3. The phonons that are enhanced
the Raman process are those that have wavevectorsDq with
the same magnitude as the wave-vectorsDk of the electronic
transitions that are in resonance with the laser energy~see
dashed line in Fig. 3!. Because the coupling to phonons
strong when Dk5Dq, we can write EL5DE(Dk)
5A3a0g0Dq.

Therefore, we can convert the experimental value for
slope (]v/]EL) of the v vs EL data of Fig. 2 (]v/]EL
551 cm21/eV) and write the slope of theD-band disper-
sion in av vs Dq plot as

]v

]Dq
5A3a0g0

]v

]EL
5652 Å cm21, ~3!

making use of the fact thatDk5Dq for this process.
It is well known that the acoustic phonon branches

graphite are strongly coupled to the high frequency op
branches at theK point.22,25 Therefore, there is a transfer o
the high dispersivity of the acoustic branches in the lo
wavelength limit to the optic branches around theK point
~see Fig. 3!. Let us consider now the transverse-acous
~TA! phonon branch which is also represented by a he
line in the bottom of the phonon dispersion curves in Fig.
The group velocityvTA of this acoustic phonon in the lon
wavelength limit isvTA51.233104 m/s5650 Å cm21,23

very close to the value of]v/]Dq shown in Eq.~3!. This
important result strongly suggests that the highly dispers
nature of the ‘‘quasi-acoustic’’ optic phonon branch close
the K point is due to the coupling between the optic and
transverse acoustic branches at theK point. This coupling is
therefore responsible for the large frequency shift of the R
manD band observed in variable-laser-energy studies of
ordered carbons. Since the velocity of the long wavelen
TA phonon is isotropic in the basal plane of the graph
structure, the slope of the optic branch around and near thK
point is also approximately isotropic, but with some spre
as we move away fromK-M . Therefore, it is reasonable t
suppose thatall the optic phonons of this branch that ha
the same magnitudeDq from theK point contribute to theD
band and to the second-orderG8 band, in contrast to the
conclusion of Baranovet al.6 who considered only the
phonons in theK-M direction. The contribution ofall
phonons around theK point can explain the large contribu
tion of this optic branch to theD-band intensity, although the
density of states for these phonons is not so large. The c
tributions from all the phonons around theK point also ex-
plain why these Raman bands tend to be broader than
G-point E2g2

graphitic band around 1600 cm21.
A last question concerns the particularly large Ram

cross section near theK point for the optic phonon branch
shown in Fig. 3 as a heavy line. Eigenmode analysis sh
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that the displacement of the atoms corresponding to the
brational mode at theK point of this particular branch have
breathing-mode type behavior~e.g., see Fig. 5 of Ref. 1!. In
general, the modes which most strongly modulate the po
izability, and therefore have the largest Raman cross
tions, are of a symmetric breathing type. Moreover, in
Franck-Condon analysis of the photoluminescence,26 it is
also this type of mode, which is considered to appear a
vibronic structure in the photoluminescence spectrum
most crystals or molecules, due to the very strong electr
phonon coupling. For this reason, this phonon branch ma
the dominant contribution to the resonant Raman scatte
process associated with theD band and the second orde
G8-band.

In summary, in this work we challenge the idea that t
RamanD peak is due to laser-energy-independent feature
the phonon density of states, but show rather that the pea
due to a resonant Raman process. The resonantly enha
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phonons are those that are at the same distanceDq from the
K point as the electronic states atDk that are in resonance
with the laser energy, such thatDq5Dk. The optical phonon
branch, which produces theE2g2

phonons at theG point,

appears to be mixed with the TA branch at theK point, and
this is essential to understanding the highly dispersive nat
of the RamanD band. The breathing character of thes
phonons explains their large cross section in a Raman s
tering experiment.
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