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Behavior of Raman D band for pyrocarbons with
crystallite size in the 2-5 nm range

Philippe Mallet-Ladeira · Pascal Puech ·
Patrick Weisbecker · Gerard L. Vignoles ·
Marc Monthioux

October 7, 2014

Abstract The pyrocarbon materials investigated here are examples of disordered
graphene-based carbons whose crystallite size La ranges from 2 to 5 nm. This La

size range is between two different Raman behaviors, one for which the D band
broadens (for La < 2 nm) and the other for which the D band sharpens (for
La > 5 nm) respectively, with increasing La. To fully understand the nature of
the G band signal, we checked its wavelength behavior from UV to near IR. We
demonstrated that the Raman spectrum is well fitted with simply two Lorentzians
with various respective contributions centered at the wavenumber of the D band
and a Breit-Wigner-Fano shape for the G band. Each intensity contribution for
the D band varies linearly with La between 2 and 5 nm while the total D band
intensity is nearly constant for excitation wavelengths ranging from 0.532 to 0.638
μm. On the contrary, the integrated intensity ratio D/G follows the well-known
L−1
a law. The two sub-bands building the D band are related to the lifetime of the

electrons involved in double resonance process which can be scattered twice. Their
respective occurrences therefore depend on the crystallite size La, when below ≈
5 nm.

PACS 61.72.-y · 76.70.Dx · 78.30.-j · 81.05.U-

1 Introduction

Graphene-based materials are very attractive for many applications. Their very
interesting electronic properties are deeply impacted by the presence of point de-
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2 Philippe Mallet-Ladeira et al.

fects [1] and edges [2]. As a consequence, the latter have been largely investigated.
Raman spectroscopy has become one of the prominent tools for this defect analy-
sis. For graphene-based materials, the spectrum is dominated by two bands. The
first one, allowed by Raman selection rules, is called G band. The second one,
called D band, is activated by defects and is due to a double resonance process
[3]. The recent experimental observation and related modeling reported in Lucch-
ese et al [4] prove that two domains should be considered around a defect. The
extension of the lattice region electronically impacted by the presence of a defect
is about 2 nm. This new vision could explain why the intermediate scale with La

crystallite sizes around 2 nm in bulk material is so scattered [5,6]. These recent
findings open a possibility for a reappraisal of the understanding and treatment
of Raman spectra. Tuinstra and Koenig have observed long ago that, for carbon
materials whose La sizes are above 3-4 nm, the ratio of the D band intensity over
the G band intensity extracted from Raman spectra at 0.488 μm is related to
the crystallite size La determined by X-Ray through La = 4.4/(ID/IG) [5]. In-
tegrated intensities have been sometimes used [7]. The analysis of large families
of disordered carbon materials has been proposed by Ferrari and Robertson [8] in
2002 with two behaviors, one for La < 2 nm with ID/IG varying as L2

a based on
theoretical considerations and one corresponding to the Tuinstra and Koenig law
in L−1

a for La higher than 2 nm. The full analysis of the case of La ≈ 2 nm has
been addressed experimentally by many approaches leading to empirical laws, but
the physical explanation of the change in the relation between La and ID/IG in
the transition domain (2 nm < La < 5 nm) is still missing.

Besides, fitting the bands in a Raman spectrum has always been a difficult
task. Every Raman specialist around the world has developed his own procedure.
Usually, several sub-bands are added until the spectrum is well described [9–11]
without any physical consideration. The major problem with this strategy is that
the signal explained by the regular vibrational theory and the one coming from
a double resonance effect (which is wavelength-dependent through both its inten-
sity and energy) cannot be discriminated. To account for the variations in the
background intensity around the G band and in the G band as well, a Breit-
Wigner-Fano (BWF) shape has been proposed [12,8]. Indeed, structural disorder
activates the phonon density of states as well, which cannot be described by a
Lorentzian [8] but tends to a BWF line.

By varying the excitation wavelength from IR to UV, we were able to propose
a strategy involving few adjustable parameters to fit the Raman spectra of poorly
organised graphene-based carbons, as the only way to treat the Raman spectra
with respect to physics. Then, we analyzed the Raman spectra of pyrocarbons
using the lowest number of free parameters. The pyrocarbon materials used were
quite suitable as model materials for the study as they are exhibiting La crystal-
lite sizes right in the range of the above-mentioned transition domain. Thus, we
discussed the two broadening values found for the D band and finally observed
that the ratio of integrated intensities is better related to L−1

a than the ratio of
intensities.
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2 Raman experiments

Three kinds of pyrocarbons were selected, and their La (La10) were determined by
neutron diffraction. The dimension La10 was extracted from the structure factor
S(Q) obtained by neutron diffraction [13]. The 10 band and the 004 peak were
fitted with split pseudo Voigt functions using the Topas software. Peaks full width
at half maximum (FWHM) were corrected for the instrumental broadening using
a Ni standard also used for the wavelength determination. Thus, La was deter-
mined from the corrected FWHM using the Warren formula [14]. The first two
pyrocarbons were obtained in an industrial oven [13]: Rough Laminar (RL, La =
4.5 nm), and Smooth Laminar (SL, La = 3.8 nm). The last one, obtained in a
lab-scale reactor, is a Regenerative Laminar (ReL) [15], with a low La (La = 2.8
nm), though it is as optically anisotropic as the RL.

Raman measurements were carried out without any surface preparation in
backscattering configuration at room temperature (Z(X,X + Y )Z Porto configu-
ration, X in the layer plane). The laser power was kept low, (≈ 1 mW) in order
to prevent heating. Several spectrometers were used: a Dilor UV spectrometer for
wavelengths ranging from 0.275 μm to 0.364 μm (4.5 eV to 3.4 eV), a Dilor XY
spectrometer with a Ar+ laser, a T64000 Jobin-Yvon Horiba with a Kr+ laser,
and a XPlora Jobin-Yvon Horiba spectrometer for the 0.532, 0.638 and 0.784 μm
wavelengths (2.34, 1.96 and 1.54 eV respectively).

3 Wavelength measurements

In Fig. 1 are reported the Raman spectra obtained for the SL pyrocarbon (crys-
tallite size of 3.8 nm). Both the D and G bands have been fitted by one Lorentzian
each, and even if the fit is not good (we will see in the next section how to im-
prove this), a lot of information can be learnt. The data extracted from the fit are
reported in Fig. 2. The intensity of the D band lowers and its wavenumber is in-
creased with the excitation energy. In Fig. 2.a, the value of 57 cm−1/eV obtained
for the slope of the wavenumber versus excitation energy is close to theoretical
predictions [3]. In Fig. 2.a is also reported the G band position. It actually fluc-
tuates but it is clear that there is no significant shift or trend within the whole
excitation energy range from infrared to UV. If D’ would vary independently of G,
the Half Width at Half Maximum (HWHM) as well as the position of the average
G band should strongly vary: this is definitively not the case. The D’ band is due
to an intravalley double resonance process and varies in the same way in intensity
as the D band. In the present case, it appears that the D’ band has merged with
the G band and should not be considered anymore. This is probably due to the
small phonon wavevector associated to D’ in the double resonance process which
is not relevant with small carbon domains. The HWHM of the D band is rather
scattered, as a possible consequence of the poor fitting procedure. The apparent
HWHM of the D band is nearly twice that of the G band. Finally, in Figure 2.c, the
dependence [7] in E−4 of the ID/IG ratio on the excitation energy is not observed.
By normalizing all the spectra with respect to the CaF2 signal corrected from its
wavelength dependence [16], we have observed a maximum of the G band inten-
sity with the green excitation wavelength, in contrast with the case of so-called
nanographite [17].
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Fig. 1 Raman spectra of SL pyrocarbon (La = 3.8 nm) from UV to near infrared. The
spacing between the spectra is proportional to the excitation energy. The fitting lines using
one Lorentzian for each band and a linear background are also reported. The spectra have
been normalized to the G band intensity.

Table 1 Energy (E), wavelength (λ), crystallite size for the broad D sub-band (La2), crys-
tallite size for sharp D sub-band (La1), ratio of the D over G band intensities considering the
broad D sub-band (ID2/IG) and sharp D sub-band (ID1/IG) (see Fig. 3). The last column
corresponds to the value of AD/AG × La.

E(eV) λ(μm) La2(nm) La1(nm) ID2/IG ID1/IG AD/AG × La

2.33 0.532 2.3±0.2 4.9±0.2 1.30±0.05 1.12±0.05 9.0±0.5
1.94 0.638 2.5±0.2 4.9±0.2 1.47±0.05 1.34±0.05 10.7±0.5

4 Fitting procedure

The density of vibrational states gives rise to an asymmetric band. Several authors
[12,8] have proposed to use a BWF shape for the G band which describes well the
spectra of disordered carbons. We used the same approach. The background is
described here by a constant. From Fig. 1, any sub-band used to describe the D
band should shift at the same rate with the excitation energy. With two Lorentzian
bands flanking the D band (not shown) giving three bands, the fit is good but
there is no related physical meaning and the number of free parameters is too
high to obtain constancy at various wavelengths and with various samples. If we
reduce the number of sub-bands down to two Lorentzians, the two bands are now
centered at nearly the same position which corresponds to the D band position.
One Lorenztian is broad and the other one is sharp. We have observed with all
the fitted spectra that the sharp band has a HWHM very close to the value of
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Fig. 2 Wavenumber (a) and HWHM (b) of the G and D bands deduced from the fits reported
in Fig. 1 for the SL pyrocarbon. The slope for the D band wavenumber versus the energy
excitation is also indicated. (c) ID over IG ratio versus the excitation energy in logarithmic
scale and a power law fit (line).

the HWHM of the G band. In order to converge quickly, we can use only one
parameter for these two quantities or keep them free. We used both strategies and
found similar results with spectra obtained using 0.532 or 0.638 μm. Finally, the
spectra are fitted by using the following expression:

I(ω) = I0 + ID1
Γ 2

D1

(ω−ωD)2+Γ 2
D1

(1)

+ID2
Γ 2

D2

(ω−ωD)2+Γ 2
D2

+ IG

(
1+

ω−ωG
qΓG

)2

1+
(

ω−ωG
ΓG

)2

which contains 10 free parameters corresponding to a constant background (I0), a
double Lorentzian (ID1, ID2, ΓD1, ΓD2) for the D band (same wavenumber ωD)
and a BWF line for the G band (IG, ωG, ΓG, q).

5 Results and discussion

In Fig. 3 are reported the Raman spectra for the three pyrocarbons studied here.
The apparent ratio ID/IG is nearly constant and could not be explained by a
Tuinstra and Koenig law. The fitting with one Lorentzian only for the D band is
poor, as demonstrated by the visual difference with Fig. 1 whereas the fitting with
a double Lorentzian is nearly perfect (Fig.3). Hence, it is clear that the D band
is due to two contributions: a sharp one (ΓD1 = 42 ± 4 cm−1) and a broad one
(ΓD2 = 180± 20 cm−1). In Fig. 4.a is reported the intensity-based ID/IG versus
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Fig. 3 Raman spectra at room temperature with λ=0.638 μm, along with the fitting curves
and the decomposition in 3 bands (two Lorentzians for the D band and a BWF for the G
band) according to eq. 1. The fitting is nearly perfect.

the crystallite size and a linear behavior is observed. Two characteristic values are
obtained for La: the value La1 where the sharp D band is visible and the value La2

where only a broad D band is observed. The crystallite size can then be estimated
considering the extreme values ID1/IG for La = La1 and ID2/IG for La = La2.

We have also considered the green excitation wavelength at 0.532 μm. The
values are reported in Table 1. Going from green to red, the D band intensity
increases as expected. However, the variation of the intensity ratio in E−4 proposed
by Cançado et al [7] is still not observed. In Fig. 4.b are reported the integrated
intensities versus the crystallite size. The law in L−1

a is also indicated. For the
BWF line corresponding to the coupling of an excitation with a continuum, the G
band area is supposed to be proportional to the product of intensity by broadening.

AD

AG
=

ID1 × ΓD1 + ID2 × ΓD2

IG × ΓG
(2)

While the product ID/IG×La is not constant, the product AD/AG×La is nearly
constant. The law (see Table 1) is:

La =
10.7± 0.5

AD

AG

with λ = 0.632 μm (3)

The Tuinstra and Koenig law (E = 2.54 eV) [5] could be modified to deal with
integrated intensities : La ≤ 8.8 (AD/AG)−1 as ΓD ≤ 2×ΓG with two Lorentzians.
With E = 2.54 eV, the value of 8.8 is replaced in Cançado et al [7] by 13.5, nearly



Raman of pyrocarbons 7

the double of the previous value. If we correct this value using the Scherrer factor
(K=0.9, 3D ordering) instead of the Warren factor [14] (K=1.84, turbostratic
stacking) misused in the cited paper [7] to obtain the crystallite size, all the data
become consistent. The probability of the whole process is thus represented by the
integrated intensity as expected.
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Fig. 4 (a) ID over IG ratio from Fig. 3. The decomposition of the D band in (1) a sub-band
labelled 1 with a HWHM value very close to that of the G band value with a related crystallite
size limit La1 (squares) and (2) in a sub-band labelled 2 with a large HWHM and a related
crystallite size limit La2 (dots). The sums of both contributions are represented by triangles.
The ID/IG regime for La > 5 nm is also indicated. (b) same as in (a) but with the integrated
intensity A.

In Lucchese et al’s paper [4], the modeling of ID/IG for irradiated graphene is
characterized by two quantities corresponding to the structurally disordered region
(rs = 1 nm) and the surrounding ordered region characterized by the relaxation
length l = 2 nm close to theoretical estimates [18]. Recent experimental findings
[19] show that the coherence length of the photoexcited electron for the D band in
graphene is equal to 3 nm at room temperature. Casiraghi et al [20] have estimated
the length scale using the uncertainty principle to be 4 nm. In pyrocarbons, each
crystallite is bridged to its neighbors by a defect line, few (typically 1-3) carbon-
atom thick, i.e., in the range of 0.5 nm or below. This is supported by the high
resolution TEM images obtained for long on this well-studied category of materials
(for instance [21]). Consequently, La1 and La2 are not related to the extension of
the disordered region. If two edges of a same crystallite are closer to each other
than La1 = 4.9 nm, the electron in the double resonance process is scattered
twice. This length of 4.9 nm is close to the length scale obtained with graphene.
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Theoretically, Barros et al [22] have analyzed multiple scattering effects which
reduce the D band intensity for size lower than 16 nm but the HWHM is not
discussed. We have applied the same treatment to spectra of multiwall carbon
nanotubes (Graphistrength C100 from Arkema company). We found a HWHM
of 32 cm−1 for D1 sub-band while the same jump is observed to the HWHM
of the D2 sub-band which is close to 180 cm−1. Therefore, our decomposition
should be valid with many carboneous materials. It is worth noting that these
HWHM are not sensitive to the excitation energy. It is very likely that the jump
in the HWHM value in due to the number of scatterings. The linear behavior
observed here is a direct consequence of the scattering length. As the D1 and
D2 sub-band wavenumbers shift with the exciting energy at the same rate, it is
difficult to consider that another phonon branch is at the origin of D2. With our
interpretation, single scattering events correspond to the HWHM of 42 cm−1 while
double scatterings correspond to 180 cm−1. By increasing the size of the crystallite,
the D band originating from one electron scattered twice (D2) is decreasing until
the distance becomes long enough to have only a single scattering signal (La >
La1= 4.9 ± 0.2 nm). The associated lifetime was about 5 fs using a Fermi velocity
of 1 × 106 m.s−1. Calculations including multiple scatterings and interferences
would certainly definitively validate this interpretation.

6 Conclusion

In conclusion, the wavelength dependence of the Raman spectra of graphene-based
carbon materials with La values below 5 nm shows that the width of the G band
is constant and that all the components of the D band are due to double resonance
processes as their intensities and positions are affected by the excitation energy.
The D band has to be decomposed in two contributions centered at the same
wavenumber, whose respective occurrences depend on the average crystallite size
La. This approach reduces the number of free parameters and gives a new insight.
The width of the D sub-bands is interpreted as dependent on the number of scat-
terings as the value jumps from 42 cm−1 (single scattering) to 180 cm−1 (double
scattering). We found a characteristic length of 4.9 ± 0.2 nm which is tentatively
associated to the mean free path of the excited electron in our material, beyond
which only single scattering events can occur. The integrated intensities of the D
over G band ratio allows finding the crystallite size accurately.

Acknowledgements This work was supported by the ANR-funded project ANR-2010-BLAN-
929 PyroMaN and the Aerospace Valley network. M. Lalanne, G. Chollon and A. Delcamp
(SNECMA) are acknowledged for the sample preparation.
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Abstract 
_______________________________________________________________________________ 

By varying excitation energy from ultraviolet to infrared, Raman spectra obtained from both cokes 

and pyrocarbons revealed the evolution of each band. While the spectra of different samples can 

be very similar at given wavelength, the wavelength dependence should be considered for 

correlating spectral features to crystallite size La. The D’ band was found to vanish in the UV 

range. The D band was fitted with one or two Lorentzians for crystallite sizes larger than ~5 nm or 

below respectively, both centered on the same wavenumber. Both the D band intensity and 

integrated intensity were accurately obtained, and used to question the range of use of the 

Tuinstra-Koenig law. The G band shape is well fitted and its width increases monotonously with 

2 < La < 10 nm. The energy dependence of ID/IG was found to vary with the excitation energy  

as  with 1 < b < 4 depending on both La and the sample type. We question the validity of the 

empirical laws from the literature for having been obtained on a limited sampling and wrongly 

considered to remain valid over the full ranges of both La and wavelengths. Considering the G 

band width instead is emphasized. 
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1. Introduction 
 

Correlating physical properties to crystallite sizes is usual for graphene-based materials. Due to its 

versatility, Raman scattering is widely used for this purpose. Since 1970, Raman spectra were 

used to determine the crystallite sizes after the work of Tuinstra and Koenig [1] who have 

performed a systematic comparison between Raman spectra and X-ray data for a variety of sp2 

carbon materials. The ratio of the D band intensity (as the peak height and not the peak area) to the 

G band intensity (ID/IG) multiplied by the crystallite size La (in nm) was found to equal 4.4, as later 

confirmed by Knight and White [2]. This value was considered similar for both 515 nm (green) 

and 488 nm (blue) excitation wavelengths. Hence, the wavelength did not seem to be a parameter 

at that time. However, Mernagh et al [3] showed later on that the ID/IG ratio does depend on the 

excitation energy EL. For so-called "nanographite", this La dependence was found to be in  [4]. 

The same dependence was found in graphene for an average distance between defects larger than 

10 nm [5]. Ferrari and Robertson performed UV to IR measurements on disordered and 

amorphous carbons showing a linear trend for the ID/IG ratio versus La for very small crystallite 

sizes (La < 2 nm) [6]. After the origin of the D band was understood in 2000 and found to be 

related to a double resonance process [7], this model was used in several physical processes 

(multiple scattering [8], active defects [9], …). Experimentally [10] and theoretically [11,12], the 

mean free path lD of the excited photoelectron interacting with the D phonon was estimated to be 

close to 3 nm at room temperature.  

Obtaining the behavior of domains intermediate between large (> ~10 nm) and small 

domains seems rather difficult. In many publications, the log-log scale was used, hiding possible 

discrepancies. Hence, the energy dependence of the ID/IG ratio should be known in order to discuss 

the limit of the Tuinstra and Koenig's law. Unfortunately, the ID/IG ratio was not determined in the 

same way in all the papers published.  Whereas Tuinstra and Koenig simply measured the height 

of the peaks, several authors deviated from this methodology. For example, several bands (up to 

five) were added in order to obtain a good fit of the spectra [13,14] thereby strongly modifying the 

ID/IG ratio. Moreover, this fitting strategy was anterior to the understanding of the D band origin, 

and then had become an acceptable, common use. Nowadays, it is clear that flanking the D band 

with other contributions at various wavenumbers has no physical meaning. In our previous work 

on pyrocarbons with crystallite sizes in the range ~2-5 nm [15], we proposed instead to use a 

double Lorentzian (a narrow one and a broad one) centered at the same wavenumber to account 

for the D band. This provides the advantages (i) to obtain an accurate ID, (ii) to fit well the spectra, 

and (iii) to be supported by sounding physical explanations. Indeed, the width of the broad line on 

the one hand and that of the narrow line on the other hand have been already (and independently) 
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found long time ago as the limiting cases for graphite irradiated at high and low fluences 

respectively [16]. 

In this paper, we have investigated a series of pitch cokes heat-treated from 1000 to 

2500°C whose average La size increases from 4.8 to 18.7 nm in the course of the heat-treatment as 

determined by X-ray diffraction, to which data from the literature were added, including and 

extending our previous work on pyrocarbons [15]. Raman spectra were recorded with an 

excitation wavelength ranging from UV (300 nm) to IR (785 nm) and the first order spectra (800-

2000 cm-1) are presented. The wavelength dependence of the ID/IG ratio is thoroughly discussed 

with respect to the literature. The overall purpose of the paper is to propose a comprehensive 

methodology for understanding the Raman spectra (D, G, and D') of graphene-based materials and 

exploiting them to estimate the size of the perfect domains over a full scale of La values, ranging 

from ~2 nm to infinity. 
 

2. Experiments and fitting procedures 
 

2.1 Materials  

 

The coke series (internal reference: GFEC-1) originates from a graphitizable coal tar pitch whose 

final carbonization/graphitization temperatures have ranged from 1000 to 2500°C under inert 

atmosphere. At 1000°C, coal tar pitch cokes typically exhibit elemental composition in the range 

98% C, 0-0.5% H, 0.1-1% O, 0-1% N, 0.4-0.5% S. H, O, and N contents decrease rapidly with 

increasing carbonization temperature so that no or little is left at ~1500°C. Sulfur content, on the 

contrary, starts decreasing noticeably from 1500°C only and some amount (0.05-0.1%) can still be 

found at 2000°C [17,18].  

 Three differently textured pyrocarbons (details are reported in [19]), whose elemental 

composition is ~98% carbon (H for the remainder) for each, were selected with La in the 2-5 nm 

range.  Due to their composition inherited from the synthesis process, they are considered as 

valuable references for comparison with the cokes to assess the possible role of the various 

heteroatoms.  

 

2.2 X-Ray diffraction 

 

The X-ray data were collected on a Bruker D8 Advance diffractometer equipped with the Lynxeye 

detector using the Cu Kα radiation at 0.1541 nm (filtered by Ni) and the Bragg-Brentano 

configuration. Examples of spectra obtained on the coke series are provided in Figure 1.  
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Fig. 1 - Typical X-ray diffractograms for some samples from the coke series. Scale changes are indicated in the 

figure. The peak labelled * comes from the sample holder. 

 

Because of the turbostratic to graphitic evolution of the material structure in the course of the 

increasing carbonization mechanisms, the La10 size was determined using the Scherrer equation 

applied to the 10 asymmetric band while taking into account the Warren correction factor (1.84) 

[20] for samples heat-treated at 2000°C and below, and on the 100 peak with a classical Scherrer 

factor (0.9) for samples annealed above 2000°C [21]: 

 

           (1) 

 

where λ is the X-ray wavelength, θ is the Bragg angle, K is a constant (either Warren or Scherrer 

factor, depending on the case), H is the FWHM of the diffraction peak, and s corresponds to the θ-

dependent instrument broadening, which was determined using a standard specimen (corundum).  

Some minor correction accounting for the crystallite shape has been proposed [22] but it does not 

affect the results significantly. 

Figure 1 illustrates the difference in the spectra between the turbostratic (1000°C and 

1700°C) and the graphitic (2500°C) structure which is revealed by the gradual splitting of the 10 

band into two symmetric peaks 100 and 101. The turbostratic to graphitic structure transition 

cos)( 2210
sH
KLa
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threshold started to be observable at 2050°C, which is fairly consistent with the literature [23]). 

For the 3 samples shown in Figure 1, the crystallite sizes La equal 4.8, 8.5 and 18.5 nm for T = 

1000, 1700 and 2500 °C, respectively.  

 

2.3 Raman spectroscopy 

 

Raman spectra were acquired on a XPlora spectrometer (1.58, 1.94 and 2.33 eV) using a low laser 

power (1 mW) and an objective of magnitude ×100. The UV data (3.53 and 4.13 eV) were 

obtained on a UV Dilor spectrometer using a laser power of 2 mW and an objective of magnitude 

×40. Other wavelengths were used but are not reported here as they simply resulted in 

intermediate behaviors. 

In addition, low temperature (3.8 K) Raman measurements at 1.94 eV nm excitation laser 

line have been performed using an ARS closed-cycle He cryostat and a triple spectrometer Jobin-

Yvon T64000.  

Several fitting procedures were compared for selecting the most accurate one. In Fig. 2a to 

2d are reported the fits of the same spectrum with 2, 3, 4 and 5 Lorentzians, respectively, as used 

in the literature, and compared with the procedure we have used with two Lorentzians located at 

the same wavenumber for the D band and a Breit-Wigner-Fano (BWF) shape for the G band. For 

the fitting, the Lorentzian shape corresponds to:  

 

            (2) 

 

Where I is the intensity, 0 the wavenumber of the phonon and  is the half-width at half 

maximum (HWHM). "Width" in the following text should be always understood as the HWHM. 

The double Lorentzian shape for the D band corresponds to: 

 

       (3) 

 

with the same parameters as above. 

The Breit-Wigner-Fano (BWF) shape for the G mode has been used for long as it is more 

consistent with the phonon density of states than a Lorentzian. This BWF shape approach is robust 

and has been used for a very large range of La values, from very small as in amorphous carbons 

[24,25] to fairly large. The BWF shape follows the equation: 
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         (4) 

 

where q is a coupling factor. If q is large, the equation tends to a Lorentzian. 

 
Fig. 2 - Spectrum of the pitch coke annealed at 1000°C obtained with an excitation wavelength of 638 nm. The 

comparison between various fitting options with 2 (a), 3 (b), 4 (c) and 5 (d) Lorentzians as used in the literature 

is reported. The case (e) corresponds to a double Lorentzian for the D band and a BWF shape for the G band 

as proposed in [15] and used in this paper. The experimental spectrum is the blue, dotted line, while the fit is 

the red, solid line. The slim lines are the various fitting components. 

 

Even if the fit with two Lorentzians (Fig. 2a) is not excellent, the intensities and integrated 

intensities are good and well adapted. As some lack of intensity was however observed on both 

sides of the D band, some authors have proposed to flank the D band with one or two other bands 

[26]. The result can be observed in Figs. 2b and 2c, respectively. The fits are good except 

sometimes for the G band, so these authors have added another extra sub-band close to the G band 

finally resulting in a nice fit as reported in Fig. 2d. A major problem is the physical interpretation 

of the sub-bands. If they were corresponding to lattice vibrations, they should locate at a constant 

wavenumber.  But from UV measurements [15], the two sub-bands flanking the D band were 
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clearly found to shift with the excitation energy. Considering the explanation for the D band as 

resulting from a double resonance process [7], there is no physical reason to consider such a kind 

of additional sub-bands. A more consistent alternative was proposed in [15], in which a large, 

additional sub-band D2 located at the same wavenumber is superimposed to a relatively narrow, 

primary D1 sub-band (Fig. 2e). D1 and D2 are proposed to be related to processes of single and 

double scattering of the photo-electron by the domain edge, respectively, within the well-known 

double resonance process which is responsible for the D band occurrence [7]. Therefore, the 

probability for this double scattering event to occur decreases as the domain size increases, with a 

limit for La equal to the length associated with the mean free path of the photoelectron involved in 

the double resonance process which is about ~5 nm. Consequently, the D2 sub-band is as lower as 

it is larger, with a maximum HWHM value in the range of ~160 cm-1 corresponding to La ~2.5 nm 

(half of the mean free path), as it was found in the case of pyrocarbon materials [15].  Hence, 

fitting the D band with a double Lorentzian (as in Fig. 2e) should become the only acceptable 

practice. It has a physical meaning, and allows finding accurately the intensity of the D band as it 

corresponds simply to the sum of both the D1 and D2 intensities:  

 

ID = ID1 + ID2      (5) 

 

Around the K point, only phonons from the transversal optical (TO) branch have the right 

symmetry for the double resonant scattering [27] and lead to the strongest D Raman signal. The 

very weak intensity mismatches at about 1170 cm-1 and 1480 cm-1 [28] visible in Fig. 2e are 

simply due to the limit value of TO branch at the K and  points in the Brillouin zone (probed 

through the fluctuations of the qD wave vector values). Adding bands is impossible as the intensity 

of these bands is very weak and should be limited comparatively to the D band intensity.  

 

3. Results and Discussion  
 

3.1 Raman spectroscopy results 

 

3.1.1 Cokes  

 

The Raman spectra of the coke carbonized at 1000°C (La = 4.8 nm) for 5 different excitation 

wavelengths are reported in Fig. 3. The fits for the 1.58, 1.94 and 2.33 eV laser beams respectively 

are nearly similar with a broad D2 sub-band, a narrow D1 sub-band and a single G band as 
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explained above. At higher excitation energy (UV), the decomposition of the D band into two sub-

bands could be done but is not necessary. 

 
Fig. 3 - Raman spectra at various excitation energies for the pitch coke carbonized at 1000°C. 

 

The shift rate of the D band with the increasing excitation energy is close to 55 cm-1/eV. The D 

over G intensity ratio can be followed as a function of the excitation energy. We found that: 

 

     (6) 

 

over the whole range from infrared to UV (where EL is the excitation energy of the light). The 

broad shape of the G band is constant from infrared to UV. No additional D’ band is necessary to 

adjust the shape of the G band (D' is due to an intra-valley double resonance process and varies in 

intensity in the same way as the D band for a given excitation wavelength). The D’ band involves 

a shorter q vector than the D band. Typically, qD for the D band is of the order of the KK’ distance 

in the reciprocal space (17 109 m-1) while qD’ equals EL/ħvF (Fermi velocity), which is typically 

1/6 of qD in the visible range. If we roughly compare qD’ to 2 /La, they become equal for 

La = 2 nm. Experimentally, we found that when La < ~10 nm, the D’ band no longer exists because 

the G and D’ bands merge and constitute a single band. Considering this explanation, this value of 
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8-10 nm is valid for visible light and could be lower with an infrared excitation, as shown in 

Figure 4.  

 

 

 
Fig. 4 - Raman spectra at various excitation energies for the pitch coke carbonized at 1700°C. The random shift 

of the G band position seen on the spectra with the increasing excitation energy is experimental and has no 

significance. 

 

The Raman spectra of the coke carbonized at 1700°C (La = 8.5 nm) are reported In Figure 4. This 

sample is interesting because, as opposed to the coke carbonized at 1000°C (Fig. 3), the D’ band is 

significantly present in the IR and visible range. The D’ over D intensity ratio is not constant for 

all excitation energies even if it is close to 0.35 in the red and infra-red wavelength range. 

Considering D’ is not necessary in the UV range as no shoulder of the G band is observable for the 

3.53 and 4.13 eV excitation sources. The HWHM of the D’ band is constant and approximately 

equal to 10 cm-1. The D band shifts at a rate of 46 cm-1/eV with the increasing excitation energy, 

i.e., a value lower than that observed with the coke carbonized at 1000°C. We found that: 

 

      (7) 
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over the whole wavelength range from IR to UV.  

 

 
Fig. 5 - Raman spectra at various excitation energies for the pitch coke carbonized at 2500°C. The G band 

wavenumber in the UV is a bit upshifted comparatively to the visible one. The random shift of the G band 

position seen on the spectra with the increasing excitation energy has no significance for our purpose. 

 

The Raman spectra of the coke carbonized at 2500°C (La =  18.7 nm) are reported in Figure 5. 

This sample is slightly defective only, as attested by the weak D band in the IR and red excitation 

energy range, and its nearly absence in the UV range. As long as the D band is visible, we found 

that it is well fitted with a single Lorentzian, and shifts with the increasing excitation energy at a 

rate of 47 cm-1/eV. The energy dependence of the ID/IG ratio is in between 1/EL
3 to 1/EL

4. The G 

band shape remains constant with a HWHM of ~ 8 cm-1. This value is close to that of highly 

oriented pyrolytic graphite. D' appears as a tiny shoulder at the right foot of the G band, but 

vanishes rapidly with the increasing excitation energy.  

 

3.1.2 Pyrocarbons  

 

The three pyrocarbon materials investigated have small La yet they are nearly pure carbon (98%) 

and depleted in heteroatoms other than hydrogen, therefore they conveniently complement the 
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cokes series, whose starting carbon content at 1000°C is about the same but whose heteroatom 

content is comparatively more diverse (including H, O, N, and S, see Section 2.1) yet with 

similarly low La. Consequently, we report in Figure 6 to 8 the Raman spectra for the 3 different 

PyC samples. 

 
Fig. 6 - Raman spectra with their related decomposition for a pyrocarbon with an average crystallite size of 2.8 

nm at several excitation wavelengths. 

 

In the spectra of the pyrocarbon with La = 2.8 nm reported in Figure 6, we can see that the 

wavenumber location of the G band is constant versus the exciting wavelength. The D band is 

very broad. The fitting of the whole spectrum is good with a double Lorentzian for the D band and 

a BWF shape for the G band. The D band shifts at a rate of 53 cm-1/eV with the increasing 

excitation energy. We found that: 

 

      (8) 

 

In the spectra of the pyrocarbon with La = 3.9 nm reported in Figure 7, we still have a constant 

wavenumber location of the G band versus the excitation wavelength. The D band shifts at a rate 

of 51 cm-1/eV with the increasing excitation energy. We found that: 
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      (9) 

 

The power factor of the energy dependence is higher than in the case of La = 2.8 nm. 

 

 
Fig. 7 - Raman spectra with their related decomposition for a pyrocarbon with an average crystallite size of 3.9 

nm at several excitation wavelengths. 

 

Finally, in the spectra of the pyrocarbon with La=4.5 nm reported in Figure 8, we can see that the 

width and location of the G band is constant versus the excitation wavelength. The D band shifts 

at a rate of 45 cm-1/eV with the increasing excitation energy. We found that: 

 

       (10) 

 

The power factor of the energy dependence is close to the limit value of 4 reported by Cançado et 

al [29]. 
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Fig. 8 - Raman spectra with their related decomposition for a pyrocarbon with an average crystallite size of 4.5 

nm at several excitation wavelengths. The random shift of the G band position seen on the spectra with the 

increasing excitation energy has no significance for our purpose. 

 

3.2 Discussion on the Tuinstra and Koenig’s law  

 

Tuinstra and Koenig [1] have proposed a linear relationship between ID/IG and 1/La. The 

coefficient can be extracted from their paper. Knight and White [2] have gathered many results 

from the literature and confirmed the law at 2.4 eV (515 nm): 

 

       (11) 

 

However, many papers have been published since then questioning the validity of this law. For 

example, Zickler et al [13] have combined X-Ray and Raman spectroscopy to discuss this law as 

well as the law proposed by Ferrari and Robertson [6] for La lower than 2 nm. Even if their 

conclusion is sounding, the method used for the fitting of the Raman spectra (with a symmetrical 

pseudo-Voigt function and several sub-bands) is not optimal and overestimates the D band 

intensity for small La. Therefore, it is quite impossible to compare values extracted from the 

fitting. Indeed, when going from a crystalline to a disordered material, the G band goes from a 
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perfect Lorentzian due to a phonon at the center of the Brillouin zone (q = 0 selection rule) to a 

broad asymmetric band due to the activation of the density of vibrational states (no selection rule, 

due to the lack of periodicity). A BWF shape is one possibility to fit the G band for large to 

intermediate La but would probably fail too with small La. Thus, multi-wavelength Raman 

spectroscopy is probably the only way to estimate the D band signal reliably and to quantify the 

ID/IG ratio. The EL
-4 power dependence of the ID/IG ratio is observed for graphene [5] and so-called 

"nanographite" [4]. The following equation, adapted from the Tuinstra-Koenig law to include the 

energy dependence, can be used:  

 

       (12) 

 

3.2.1 Connection with graphene-based models 

 

Based on the explanation of the D band occurrence by the double resonance process which 

involves the domain edges [7], the Tuinstra and Koenig's law relates to the domain size La. In that 

case, the interaction between the photoelectron and the D phonon affects an area whose width 

equals 3 nm, corresponding to the coherence length lD of the excited photoelectron [10-12] (Figure 

9). However, a similar process may be generated by a defect located in the middle of the graphene 

domain. In that case, the ID/IG dependence may also relate to the so-called "activated area" model 

for the D band as explained in [25]. The activated area is the non-defective area in contact to the 

defective area and which is also able to give rise to the D band signal. In this model, the radius 

size of the activated area around the point defect was found to be rA = 3.1 nm for a graphene 

sample [5]. The two parameters rA and lD are then very close to each other, obviously because they 

result from the same process. The combined result of these models is summarized by the 

following relationship: 

 

       (13) 

 

where CA is the maximum value of ID/IG as mentioned in [5]. This equation is simply a ratio of 

areas as shown in Figure 9.  
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Fig. 9 – The sketch can be taken as a model of the domain of size La, whose edges generate an interaction 

between the excited photoelectron and the phonon over a distance lD. equal to the mean free path of the 

photoelectron. But if the sketch is repeated periodically in the plane, it becomes the 2D periodic unit cell of a 

model for a defective material. In that case, the edges of the motif no longer correspond to the domain edge, but 

to in-plane defect lines in the domain; lD thus becomes rA.  
 

According to Cançado et al., CA = 160/  [5], which gives the following estimate for an excitation 

energy of 2.5 eV: 

 

      (14) 

 

where La is expressed in nm. This matches the expression of ID/IG in the Tuinstra-Koenig law, 

with a coefficient 49(1-3/La) which depends on La. If La is large, then the prefactor is 

approximately 49, that is, 11 times the value originally reported for the Tuinstra-Koenig 

coefficient (see equation (12)).  

This model can be also tested with graphenes in solution. For a flake with a length L and a 

width w, the relation between L and the ratio ID/IG reported at 1.96 eV (633 nm) is: 

L(μm)=0.17/(ID/IG-0.14) [30]. As L/w=3 [31], considering a square (4La=2L+2w), we have: 

La(nm)=113/(ID/IG-0.14). Assuming an energy dependence EL in power 4 for large domains [4] 

and neglecting the 0.14 term (imperfection of the graphite sample used for the exfoliation 

process), we find at 2.4 eV (515 nm) the relationship:  

        (15) 

Hence, our model based on point defects and the experimental finding from graphene flake edges 

both give the same law, which, on the opposite, differs from the Tuinstra-Koenig law by a factor 

of 11. Therefore, this approach is not satisfactory, as the relationship between point 

defects/graphene edges and crystallite size is far from the Tuinstra and Koenig law. 
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3.2.2 Effect of temperature 

 

Since lD is 3 nm at 300 K and 6 nm at 3.8 K according to [10], the intensity ratio ID/IG should vary 

greatly over the whole temperature range [5,10] (see equation (13)). Should some modifications in 

the spectra, such as a change in the width or an increase of ID/IG, occur at low temperature the 

validity of the models would be strengthened. Actually, at very low temperature (less than 10 K), 

some modifications of ID/IG were indeed observed on graphene edges [10]. On the other hand, for 

pyrocarbons subjected to temperatures ranging from 90 to 310 K, both the widths and intensities 

of the D and G bands were found unchanged [32], but no data on pyrocarbons have been 

published for lower temperatures. Consequently, we have performed Raman measurements at 

3.8 K on one of the pyrocarbon materials. The spectra are reported in Figure 10. No modification 

of the ID/IG ratio nor of the D band width were observed, proving no modification of the physical 

properties of these bulk carbon materials, and further confirming the fact that they do not obey the 

model described by eq. (11) for graphenes.  

 

 
Fig. 10 - Temperature effect on the Raman spectra of a pyrocarbon with La = 4.5 nm at 300 K, 3.8 K and then 

the difference between both. EL=1.94 eV. 

 

3.2.3 ID/IG variation with the excitation energy EL 
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In Figure 11 is reported the value b of the power factor of the energy dependence corresponding to 

a dependence in E-b as reported in equations (6) to (10).  

 
Fig. 11 - power factor of the energy dependence of the ratio ID/IG versus the crystallite size. Red squares are for 

cokes and blue diamonds are for pyrocarbons. The straight lines are guides to the eye. 

 

The EL
-4 power dependence is obtained for graphene [5] and so-called "nanographite" [4]. This -4 

power dependence is lost more quickly (as La decreases) with cokes than with pure carbon 

materials such as pyrocarbons, probably due to the larger content of heteroatoms. As a matter of 

fact, the Tuinstra-Koenig law is ID/IG = C/La but the constant C is a function of the energy EL. If 

the behavior versus the energy is function of the crystallite size, as proven in Figure 11, then we 

should have: 

 

ID/IG = C(EL,La)/La      (16) 

 

Hence, C is definitively no longer a constant. It is therefore impossible to determine accurately the 

crystallite size with this type of ratio, except for large crystallite sizes. For small crystallite sizes, a 

law could be probably established in function of the concentration in heteroatoms. This requires 

further investigations. 

 

3.2.4 Limitations of the Tuinstra and Koenig’s law 
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First of all, for small La, the Tuinstra and Koenig's law is not accurate. Plotting the product 

ID/IG×La for our samples does not give a constant and a variation of more than 100% is easily 

observed. Indeed, with EL = 2.33 eV, we have plotted the product of ID/IG with La to obtain the 

value of the constant used in the Tuinstra and Koenig's law (Figure 12a). The large fluctuations 

prove that this law is not accurate. With the usual plotting, i.e., with ID/IG versus 1/La, the points 

seem better aligned with the Tuinstra and Koenig's law line (Figure 12b), but extracting the 

crystallite size from ID/IG is far from being accurate. 

 

 
Fig. 12 - (a) Product of ID/IG with La giving the constant used for the Tuinstra and Koenig's law. (b) plot as 

usually represented with the ID/IG value versus the inverse of the crystallite size La. The lines are obtained from 

equation 12 corresponding to the extended Tuinstra and Koenig's law. Blue diamonds are for pyrocarbons and 

red squares are for pitch cokes.  

 

It is worth noting that using a logarithmic representation as often found in the literature masks 

completely the discrepancies. For different excitation energies, the dispersion of the points is not 

the same. To explain this and to understand why this ID/IG ratio is not as good as claimed in the 

literature, we should have in mind that the relationship of the power factor of the energy 

dependence of the ID/IG ratio is a function of the crystallite size La. Moreover, we have shown with 

the pyrocarbon materials that the integrated intensity ratio AD/AG is more adapted in the 2-5 nm 

range [15] than the intensity ratio (with the integrated intensity A being the product of the half-

width  with the intensity I), but this discrimination is no longer true for larger La. As illustrated in 
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Figure 13, the ratio of the HWHM of D over the HWHM of G is not always constant and, for EL = 

1.94 eV, may vary from 1 to 2.5. However, this trend is not absolute. 

 
Fig. 13 - HWHMD/HWHMG ratio versus crystallite size. Squares are for cokes and diamonds are for 

pyrocarbons (EL=1.94 eV). < D> is the mean value. Lines are guides for the eyes. 

 

To summarise the status regarding the Tuinstra and Koenig's law: 

- The ID/IG ratio indeed varies roughly linearly with 1/La as initially stated by Tuinstra and 

Koenig [1] and then confirmed by many others after them. 

- For small La, the relation between ID/IG and 1/La is no longer linear due to the loss of 

power dependence in EL and the width variation.  

- Considering the band integrated intensities instead of the intensities does not allow 

retrieving a simple relation between the band ratio and 1/La  

An alternative to the Tuinstra-Koenig law is therefore necessary, and is discussed below.  

 

3.3 The G parameter 

 

The width of the Raman bands could be decomposed in several contributions:  

 

     (17)  

 

The intrinsic width is close to 8 cm-1 for both the D and G bands at 300 K (its temperature 

dependence comes through its decay) and is observed for slightly defective carbons [33]. It 
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includes the electron-phonon broadening  observed with graphene when the Fermi level 

(EF) is at the Dirac point close to 4 cm-1 [34]. The broadening  is due to defects and 

increases as their amount increases. It is due to the delocalization in the reciprocal space [35]. As 

the dispersion of the longitudinal optical (LO) mode in the Brillouin zone goes to low 

wavenumber range for large phonon wave vectors, we expect an increase of G with small 

crystallite sizes. The last term is only for the D band as  is due to the uncertainties of the large q 

involved in the double resonance theory. Due to this term, the D band width variation is more 

difficult to analyze than that of the G band. 

In order to find a relation with La independent from the excitation energy, the HWHM of 

the G band is therefore the best candidate to consider, as previously used in the literature for 

amorphous carbon [36,37] and various carbonized precursors with large crystallite sizes [38]. 

Some previous reports have claimed that it does not align nicely [2] while others have suggested a 

dependence in 1/La [29,38] or in  [36]. We should mention at this step that two Raman studies 

[29,38] have reported data from X-Ray diffraction while using the wrong K factor in the Scherrer 

equation and consequently, the crystallite sizes are twice larger than the real one. The consequence 

is that the discussions on the Tuinstra and Koenig's law carried-out in these papers are erroneous, 

and consequently the correction they subsequently proposed to apply to the HWHM of the G band 

versus the crystallite size is wrong as well. Anyway, these values, after we corrected them with 

using the right K factor, are interesting to use as they complement our data. With our approach, for 

La between 2 to 10 nm with an excitation of 1.94 eV, a linear dependence of the HWHMG is 

observed as in Figure 14, which follows the law: 

 

 (for La between ~2 to ~10 nm)   (18) 

 

It is also possible to connect the HWHMG to the annealing temperature of pitch cokes between 

1000°C (turbostratic, within the secondary carbonisation) to 2100°C (turbostratic to graphitic 

transition). We found: 

 

      (19) 
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Fig. 14 - HWHM for the G band. Squares are for cokes and diamonds are for pyrocarbons at 1.94 eV. The bold 

curve corresponds to the data of Maslova et al [38] and the slim curve corresponds to the data of Cançado et al 

[29] after corrections (see text). The dashed straight lines are a guide to the eye. Attention has to be paid that 

the correlation is tightly dependent on the way the La values are obtained (from XRD or neutron diffraction, 

using the Warren approach or another one), which may explain variations in the literature and is likely to 

induce changes in the trend shape. 

 

For large La, the HWHM asymptotic values reported by Cançado et al [29] and Maslova et al [38] 

(5.5 cm-1 and 7 cm-1, respectively) are compatible with the HWHM value of 7-8 cm-1 usually 

reported for graphite. However, the change of slope beyond La = ~10 nm and the discrepancies 

between our plot and that by Cançado et al. and Maslova et al. visible in Fig. 14 indicate that the 

G band width is not the right parameter to consider for an accurate measurement of La as soon as 

large La values (i.e., beyond ~10 nm) are expected.  

 



22 
 

 
Fig. 15 - Variations of the HWHM of the G band versus the excitation energy. 

 

The HWHMG seems not too sensitive to the excitation wavelength variation, as shown in Figure 

15 in which the values deduced from the spectra reported in Figures 3 to 8 are plotted versus the 

excitation energy. Therefore, with these data, we can estimate the uncertainties, leading to the 

following relation valid for all wavelengths: 

 

 (for La below ~10 nm)    (20) 

 

We therefore recommend that, for small La, this law be used instead of that of Tuinstra and 

Koenig. 

 

4. Conclusions  
 

This work is bringing new responses to two issues related to Raman spectra and their exploitation 

for the quantification of graphene-based carbon domain sizes.  

 

The first issue relates to the fitting procedure of the spectra and its understanding, regardless of the 

excitation energy.  
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For the D band, we claim that considering multiple flanking sub-bands at various wave 

numbers has no physical meaning as the whole D band signal shifts with the excitation 

wavelength. As an alternative, we propose the decomposition of the D band into only two 

Lorentzian sub-bands centered at the same wavenumber. This approach generates perfect fitting of 

the spectra whatever the sample nature (pitch cokes or pyrocarbons) and the domain sizes (starting 

from La ~2 nm) and allows finding easily the D band intensity. 

For the G band, considering a Breit-Wigner-Fano shape is always suitable, again whatever 

the sample nature and domain size (i.e., for La > ~2 nm). A D' band can be present (with a 

Lorentzian shape), but is no longer to consider as soon as it merges with the G band.  

 

The second issue relates to the dependence of the spectrum features on the domain size, whose 

best exploitation so far was represented by the Tuinstra-Koenig law. Whereas the latter has 

established for long the linear dependence of the ID/IG on 1/La in the case of large La (whatever the 

excitation wavelength), it is clear that the power dependence of ID/IG is not constant for domain 

sizes La smaller than ~10 nm. As a consequence, the Tuinstra and Koenig's law becomes 

approximate and cannot apply. For La below ~10 nm, we recommend using the HWHM of the G 

band instead, which obeys the following correlation, which is independent of the excitation 

wavelength:  

  

For La larger than ~10 nm, whatever the law used, the uncertainties are large whatever define the 

domains, i.e., point defects, defect lines, or edges.  

 

Acknowledgments 

 

This work was supported by the ANR-funded project ANR-2010-BLAN-929 PyroMaN. 

 

 

REFERENCES 

 

[1]  Tuinstra F, Koenig JL. Raman spectrum of graphite. J Chem Phys 1970;53:1126-30. 

[2]  Knight DS, White W. Characterization of diamond films by Raman spectroscopy. J Mater Res 

1989;4:385-93.  

[3]  Mernagh TP, Cooney RP, Johnson RA. Raman spectra of Graphon carbon black. Carbon 

1984;22:39-42. 



24 
 

[4]  Cançado LG, Takai K, Enoki T, Endo M, Kim YA, Mizusaki H, et al. General equation for 

the determination of the crystallite size La of nanographite by Raman spectroscopy. Appl 

Phys Lett 2006;88:163106. 

[5]  Cançado LG, Jorio A, Martins Ferreira EH, Stavale F, Achete CA, Capaz RB, et al. 

Quantifying defects in graphene via Raman spectroscopy at different excitation energies. 

Nanolett 2011;11:3190-6. 

[6]  Ferrari AC, Robertson J. Resonant Raman spectroscopy of disordered, amorphous, and 

diamond-like carbon. Phys Rev B 2001;64:075414. 

[7]  Thomsen C, ReichS. Double resonant Raman scattering in graphite. Phys Rev Lett 

2000;85:5214. 

[8]  Barros EB, Sato K, Samsonidze G, Souza Filho AG, Dresselhaus MS, Saito R. D band Raman 

intensity calculation in armchair edged graphene nanoribbons. Phys Rev B 2011;83:245435. 

[9]  Venezuela P, Lazzeri M, Mauri F. Theory of double-resonant Raman spectra in graphene: 

Intensity and line shape of defect-induced and two-phonon bands. Phys Rev B 

2011;84:03543. 

[10] Beams R, Cançado LG, Novotny L. Low temperature Raman study of the electron coherence 

length near graphene edges. Nanolett 2011;11:1177-81. 

[11] Basko DM. Boundary problems for Dirac electrons and edge-assisted Raman scattering in 

graphene. Phys Rev B 2009;79:205428.  

[12] Casiraghi C, Hartschuh A, Qian H, Piscanec S, Georgi C, Fasoli A, et al. Raman 

spectroscopy of graphene edges. Nanolett 2009;9:1433-41. 

[13] Zickler GA, Smarsly B, Gierlinger N, Peterlik H, Paris O. A reconsideration of the 

relationship between the crystallite size La of carbons determined by X-ray diffraction and 

Raman spectroscopy. Carbon 2006;44:3239–46.  

[14] Jawhari T, Roid A, Casado J. Raman spectroscopic characterization of some commercially 

available carbon black materials. Carbon 1995;33:1561-5.  

[15] Mallet-Ladeira P, Puech P, Weisbecker P, Vignoles GL, Monthioux M. Behavior of Raman 

D band for pyrocarbons with crystallite size in the 2–5 nm range. Appl Phys A 2014;114:759-

63. 

[16] Elman BS, Dresselhaus MS, Dresselhaus G, Maby EW, Mazurek H. Raman scattering from 

ion-implanted graphite. Phys Rev B 1981;24:1027-34. 

[17] Cerutti M, Uebersfeld J, Millet J, Parisot J. Propriétés physico-chimiques de cokes cuits à 

différentes températures. J Chim Phys 1960;57:907-11. 

[18] Millet J, Millet JE, Viva res A. Composition chimique des cokes et graphitation. J Chim Phys 

1963;60:553-62. 



25 
 

[19] Bourrat X, Langlais F, Chollon G, Vignoles GL. Low temperature pyrocarbons: a review. J 

Brazil Chem Soc 2006;17:1090-5.  

[20] Warren BE. X-ray diffraction in random layer lattices. Phys Rev 1941;59:693-8 

[21] Klug HP, Alexander LE (eds). X-ray diffraction procedures: for polycrystalline and 

amorphous Materials, 2nd Edition, Wiley-VCH, 1974. ISBN 0-471-49369-4. 

[22] Fujimoto H. Theoretical X-Ray scattering intensity of carbons with turbostratic stacking and 

AB stacking structures. Carbon 2003;41:1585-92.  

[23] Oberlin A. Carbonization and graphitization. Carbon 1984;22:521-41. 

[24] McCulloch DG, Prawer S, Hoffman A. Structural investigation of xenon-ion-beam-irradiated 

glassy carbon. Phys Rev B 1994;50:5905–17. 

[25] Ferrari AC, Robertson J. Interpretation of Raman spectra of disordered and amorphous 

carbon. Phys Rev B 2000;61:14095–107. 

[26] Nistor LC, Van Landuyt J, Ralchenko VG, Kononenko TV, Obraztsova ED, Strelnitsky VE. 

Direct observation of laser-induced crystallization of a-C:H films. Appl Phys A 1994;58:137-

44.  

[27] Maultzsch J, Reich S, Thomsen C. Double-resonant Raman scattering in graphite: 

Interference effects, selection rules, and phonon dispersion. Phys Rev B 2004;70:155403. 

[28] Mohr M, Maultzsch J, Dobardžić E, Reich S, Milošević L, Damnjanović M, et al. Phonon 

dispersion of graphite by inelastic x-ray scattering. Phys Rev B 2007;76:035439. 

[29] Cançado LG, Jorio A, Pimenta MA. Measuring the absolute Raman cross section of 

nanographites as a function of laser energy and crystallite size. Phys Rev B 2007;76:064304. 

[30] Paton KR, Varrla E, Backes C, Smith RJ, Khan U, O’Neill A, et al. Scalable production of 

large quantities of defect-free few-layer graphene by shear exfoliation in liquids. Nature 

Mater 2014;13:624-30. 

[31]  O’Neill A, Khan U, Nirmalraj PN, Boland J, Coleman JN. Graphene dispersion and 

exfoliation in low boiling point solvents. J Phys Chem C 2011;115:5422-8. 

[32] Fischbach DB, Couzi M. Temperature dependence of Raman scattering by disordered carbon 

materials. Carbon 1986;24:365–9. 

[33] Machon M, Reich S, Maultzsch J, Rafailov P, Puech P, Tang ZK, et al. UV-Raman 

spectroscopy on nanotubes@zeolite. NT05 conference, Göteborg, 2005.  

[34] Pisana S, Lazzeri M, Casiraghi C, Novoselov KS, Geim AK, Ferrari AC, et al. Breakdown of 

the adiabatic Born–Oppenheimer approximation in graphene. Nature Mater 2007;6:198-201. 

[35] Paillard V, Puech P, Laguna MA, Carles R, Kohn B, Huisken F. Improved one-phonon 

confinement model for an accurate size determination of silicon nanocrystals. J.Appl Phys 

1999;86:1921-4. 



26 
 

[36] Pardanaud C, Martin C, Roubin P. Multiwavelength Raman spectroscopy analysis of a large 

sampling of disordered carbons extracted from the Tore Supra Tokamak. Vibrat Spectrosc 

2014;70:187-92. 

[37] Robertson J. Diamond-like amorphous carbon. Mater Sci Eng R: Reports 2002;37:129-281.  

[38] Maslova OA, Ammar MR, Guimbretière G, Rouzaud J-N, Simon P. Determination of 

crystallite size in polished graphitized carbon by Raman spectroscopy. Phys Rev B 

2012;86:134205. 




