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A resonance Raman study of graphene samples with different '3C isotopic concentrations and using different
laser excitation energies is presented. The main Raman peaks (D, G, G*, and 2D) of graphene were measured
and the dependence of their frequencies on the isotope atomic mass follows a simple harmonic oscillator relation.
The G* and 2D double-resonance peak positions were measured as a function of the laser energy, and we
observed that the slopes of the laser energy dependence are the same independently of isotope concentration.
This result shows that isotopic substitution does not alter the electron and phonon dispersions near the K point of
the graphene Brillouin zone. From the linewidth of G and 2D Raman peaks, we have also obtained a dependence

of the phonon lifetime on the '*C isotope concentration.
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I. INTRODUCTION

Graphene is a two-dimensional material composed of a
single layer of carbon atoms, and has been intensively studied
due to its remarkable physical properties and large number of
possible technological applications [1-3]. Significant efforts
have been devoted to produce and study isotope-enriched
graphene-related materials [4-13]. For instance, isotope
labeling provided direct evidence that the growth mechanism
of graphene is substrate dependent and, furthermore, shed light
on the rational design of chemical vapor deposition (CVD)
synthesis methods [4-8]. In addition, growing graphene with
mixed carbon isotopes sources also enables tuning the proper-
ties of graphene in a highly selective manner. Despite the fact
that isotope mixing does not affect the electronic or chemical
properties of graphene [14,15], their thermal and vibrational
properties are sensitive to the mass of carbon atoms [16].

Raman spectroscopy has become a prominent nondestruc-
tive technique to study the vibrational properties of carbon-
related materials [17]. In particular, Raman spectroscopy is
ideally used to probe isotope-doped graphene due to its
sensitivity to the mass of constituent carbon atoms [14,15].
Resonance Raman spectroscopy provides additional informa-
tion, such as electronic and phonon dispersion near the K point
of graphene [17].

Previous work on isotope-enriched samples of graphene
and single-walled carbon nanotubes (SWCNTS), produced by
different fabrication methods, has provided valuable informa-
tion about their vibrational and electronic properties [14]. For
instance, Miyauchi et al. [10] used pure '>C and '*C SWNTs
and assigned phonon-assisted peaks in the photoluminescence
spectra of nanotubes. In the case of SWCNTs, a redshift
of the G band when the '3C concentration is increased
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has been reported [10], and a dependence of the G band
linewidth on the isotope concentration was observed [14].
Studies of bilayer graphene, where one layer is composed
of 12C atoms and the other of 3C atoms, were performed,
thus allowing the investigation of interlayer interactions in
the Raman scattering process [11,15]. It was also observed in
twisted bilayer graphene that the G band intensity is enhanced
in regions of the sample where the separation in energy of
the van Hove singularities in the density of states, which are
induced by the twisted electronic band structure, match the
laser excitation energy [15]. Other authors have suggested that
the G band resonance is closely related to the optically allowed
electronic transition in twisted bilayer graphene [18,19].
Bernard et al. [13] identified several weak Raman peaks in
isotope-enriched graphene, ascribed to the double-resonance
Raman process, and obtained phonon dispersion for these
mixed isotopic materials [13].

Additionally, several theoretical works were performed
to explain the physical and transport properties of isotope-
enriched samples, especially for graphene [16,20,21], single-
walled nanotubes [22], and boron nitride nanotubes [23]. In
the aforementioned works, attention was paid primarily to the
G band. The behavior of other Raman features under isotope
doping, however, remained unexplored.

In this paper we present a resonance Raman spectroscopy
study, using six different laser excitation lines, in samples
of isotope-enriched graphene synthesized by the CVD tech-
nique [5], with different 13C concentrations of 0.01%, 25%,
50%, 75%, and 100%. The focus of this work is to understand
the effect of isotopic substitution on the position and linewidth
of the main Raman features (D, G, G*, and 2D bands). The
analysis of the 2D Raman peak as a function of the '3C
concentration and laser energy allowed us to conclude that
the slopes of the electronic and phonon dispersions near the
K point are not affected by the isotope enrichment of the
graphene samples. Finally, we present results of the phonon
mean free path as a function of the isotopic ratio.

©2015 American Physical Society
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FIG. 1. (Color online) Raman spectra of the main graphene
features (D, G, G*, and 2D bands) for different amounts of the *C
isotope. The right panels correspond to 10x zooming of the G* band.
The spectra were recorded using 2.18 eV laser excitation energy.

II. MATERIALS AND METHODS

Samples of single-layer graphene with different isotope
concentrations were produced by the CVD method, on a Cu
substrate at high temperature using the procedure reported in
Ref. [5]. Raman spectra were measured at room temperature
with a triple monochromator (DILOR XY) and Horiba T64000
spectrometers equipped with a liquid-Nj-cooled charge-
coupled device (CCD). The spot size was ~1 pum for a 100x
objective, and the power was kept at ~1.0 mW to avoid heating
and damage of the sample. The excitations energies were
1.92 eV (647.1 nm), 2.18 eV (568.2 nm), 2.41 eV (514.5 nm),
2.54 eV (488 nm), and 2.71 eV (457.9 nm) from an Ar-Kr
laser and 2.81 eV (441 nm) from the He-Cd laser.

III. RESULTS AND DISCUSSION

Figure 1 shows the Raman spectra of a single-layer
graphene with five different 13C concentrations (0.01%, 25%,
50%,75%, and 100%), obtained with a 2.18 eV laser excitation
energy and displaying the main Raman features (the D, G, G¥,
and 2D bands). The D mode appears around 1350 cm~! for the
pure 'C sample and consists in a breathing mode of six-atom
rings, activated via a defect in the lattice. It originates from
one in-plane transverse optical (iTO) phonon around the K or
K’ points in the first Brillouin zone and involves an intervalley
double-resonance (DR) process. The G band appears around
1580 cm™! for the pure '2C sample and corresponds to the
E,, phonon mode at the Brillouin zone center. The G* and
2D bands for pure 12¢ are around 2450 and 2675 cm™!,
respectively. Both are second-order modes and originate from
intervalley DR processes. The G* band involves one iTO and
one longitudinal acoustic (LA) phonon whereas the 2D band
involves two iTO phonons near the K point.
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FIG. 2. From the bottom to top: D, G, G*, and 2D Raman peak
positions as a function of the real '3C isotopic-enriched content in the
sample to the 2.18 eV laser excitation energy. The symbols represent
experimental points and the solid lines the estimated dependence
obtained through Eq. (1).

As expected for isotope-enriched carbon materi-
als [4,5,11,14], the position of the Raman peaks decreases
with increasing '*C concentration, which is due to the mass
difference between the '>C and 3C isotopes. Figure 2 depicts
the Raman frequency of the bands shown in Fig. 1, as a function
of the '3C concentration. The straight lines correspond to the
fit of the experimental data based on the simple harmonic
oscillator model, considering that the frequency of the Raman
bands is inversely proportional to the square root of the mean
atomic mass, and is given by

o) = wng, | —10 (1)
my + xAm

Here, x is the number density of BC (0<x <1 in the
enriched graphene samples, w;,. represents the Raman fre-
quency in the '?C graphene sample, m is the mass of !>C,
and Am is the mass difference between the '>C and *C
isotope. Note that the dependence of the Raman frequencies
on the concentration x is very well explained by the model
given by Eq. (1), showing that isotopic mixing does not
affect the force constant, but only the mean atomic mass.
The observed redshifts of the Raman features with increasing
13C concentration are in good agreement with previous results
reported in the literature [11,14].

The laser energy dependences of the G* and 2D peaks are
related to the Fermi velocity vy according to the following
expressions [17],

da)ZD _ 2 da)iTo
dEL - hvp dq

dwg* 1 (d(,()LA

(©))

dEL - hUF

dwito
dq dg )’
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FIG. 3. The G* and 2D Raman peak positions as a function of
the different laser excitation energies. The solid lines represent their
linear fitting functions.

where (dwito/dq) and (dwia/dq) are the slopes of the iTO
and LA phonon dispersions near the K point. The slope of the
dispersion of the double-resonance Raman bands with respect
to the laser energy is therefore related to the phonon and Fermi
velocities, respectively.

In order to study the effect of the isotopic substitution on the
phonon and Fermi velocities, we analyze the laser frequency
dependence of the G* and 2D bands, shown in Fig. 3, for the
five different '3C isotopic concentrations (0.01%, 25%, 50%,
75%, and 100%). The dispersions were fitted by straight lines
and the vertical shifts of these lines are only a consequence of
the different mean atomic masses of these samples.

The slopes of the laser energy dependence of the G* and 2D
bands, shown in Table I, are roughly the same for all samples.
As shown in Egs. (2), these slopes are related to both the Fermi
velocity and iTO and LA phonon dispersions near the K point.
Assuming that vr does not depend significantly on the isotope
concentration, the iTO and LA phonon dispersions, near the
K point, are also invariant with isotope concentration.

By taking vy = 1 x 10° m/s, we can obtain from Eq. (2)
and Fig. 3 the phonon velocity of both iTO and LA phonon
branches in the vicinity of the K point for all samples
investigated, and the results are presented in Table I. A
similar behavior of the 2D band dispersion was observed in a
resonance Raman study of SWCNTs with different isotopic
concentrations [14]. However, the 2D band in SWCNTs
depends on the chirality distribution of the (n,m) nanotubes
present in the sample, and therefore the results presented for
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FIG. 4. (a) G and (b) 2D band linewidths as a function of the
13C isotope-enriched concentration in the sample recorded at 2.18 eV
laser excitation energy. The curve was obtained through Eq. (2).

single-layer graphene in Fig. 3 are more fundamental. The
results shown in Table I correspond to the phonon velocities
with wave vectors that are probed by resonance Raman
scattering in the visible range. The Kohn anomaly [24-26]
might decrease the phonon velocity in the IR range. Anyway,
our results, obtained with visible laser lines, demonstrate that
the slope of the phonon dispersion in the visible range does
not depend on the isotopic concentration.

Let us now discuss the dependence of the linewidths of
the Raman bands as a function of the '*C concentration. This
dependence was already reported and explained for the case
of the G band in SWNTs [14]. However, the linewidth of the
2D band in SWNTs depends on the chirality distribution. We
report here the behavior of the 2D linewidth with isotopic
substitution in single-layer graphene.

Figures 4(a) and 4(b) depict the dependence of the full width
at half maximum (FWHM) of the G and 2D bands on the '3C
concentration, respectively. Note that the FWHM of the G and
2D bands is the same for the two pure graphene samples with
pure '2C or 3C. However, the FWHM increases in the mixed
samples, reaching its maximum value for x = 0.5. The result
for the G band is similar to that reported for SWNTs [14], and
we notice that the 2D band FWHM exhibits the same behavior
[Fig. 4(b)]. The experimental data shown in Fig. 4 were fitted
using the expression below [20],

expt f (.X )
J/ph—im f(o 5) ?

_ . expt
YG.2D = Veph

3

TABLE I Slope of the G* and 2D bands and phonon velocities for each amount of '*C isotopic concentration. The error bars for the slope
and phonon velocities represent the uncertainty associated with the standard error from the fitting process.

Slope (cm~!/eV)

Phonon velocities (x 1073v )

danp/dEL dwe+/dE] dwito/dq dwpa/dg
Pure 12C 94 +2 —22+2 5.6+0.1 8.24+04
12C150, + B3 Cosq 98 +4 212 59+0.2 8.4+0.5
2Cs00 + 2 Cson 94+ 4 2042 56+0.2 8.1+04
2Cys50, + ¥ Cis 922 +4 212 55+02 8.0+04
Pure *C 90+1 212 54+0.1 79+03
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where f(x) is a factor which contains all information about
the density of impurities and is given by

. x(1 — x)Am? mg @
" (mo +xAm)2\ mo+xAm’

Equation (3) estimates the contribution of the isotope impu-
rities to the spectral width of the G and 2D Raman peaks,
associated with the lifetime of the optical phonon mode.
The value y%, corresponds to the linewidth of the '*C
concentration for x = 0.5.

The curves shown in Fig. 4 correspond to the best fit of
the experimental data by Eq. (3), and the fitting parameters to
the G band are y, = 12.1 £ 0.4 cm™ and yf =82+
0.4 cm™". The values for the 2D band are y,p =224+

0.3cm™" and yf =10.6£0.3 cm™'. Since the spectral
width y is related to the phonon lifetime yppim & R/ Tph-im»
we obtain the phonon lifetimes due to the '*C concentration
for both G and 2D bands for an isotopic concentration of
x = 0.5, which are 0.61 and 0.47 ps, respectively.

The observed dependence of the G and 2D FWHM on
the concentration x is a consequence of the decrease of
the phonon lifetime in isotopic-doped graphene. When the
isotopes are mixed, the translational symmetry is broken,
causing a modification in the dynamics of the crystal lattice.
The phonons are scattered into other phonon states, which
ensures that some wave functions will be tightly localized
in the direct space, resembling Anderson’s localization wave
function for a disordered crystal lattice [20]. The mean free
path is related to the length of the localized states due to
the phonon scattering by the isotope mixture. Therefore, the
phonon mean free path decreases in the mixed samples and is
minimum for isotope-enriched graphene with x = 0.5.

J)

PHYSICAL REVIEW B 92, 125406 (2015)

IV. CONCLUSIONS

In summary, in this paper we reported a resonance Raman
study of isotope-enriched graphene containing different '3C
isotope concentrations. The dependence of the frequencies
of the main Raman features of single-layer graphene on the
13C concentration was reported and explained by a simple
harmonic oscillator model, where the frequency is proportional
to the inverse of the square root of the mean atomic mass.
The dispersive behaviors of the G* and 2D bands when
changing the laser energy were measured for all pure and
mixed samples, and no dependence of this dispersion on the
13C isotope concentration was observed. This result suggests
that the dispersion of iTO and LA phonons near the K point
is not significantly affected by isotopic substitution. Thus, the
isotopic substitution is responsible for a shift in the phonon
frequencies but does not affect the phonon dispersion slopes.
Finally, it was observed that the isotopic mixture affects the
bandwidth of the G and 2D bands, and the results can be
explained by a theoretical model that considers the decrease
of the mean free path and the lifetime of the phonons, due to
scattering of phonons by different carbon isotopes in mixed
samples.
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