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Anharmonic phonon effects in Raman spectra of unsupported vertical graphene sheets
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Temperature-dependent Raman scattering is performed on unsupported vertical graphene sheets, which are
approximate to free graphene without supporting the substrate. Here the observed G peak line shift with
temperature is completely consistent with the theoretical prediction based on the first-principles calculation
on free graphene, and our result is helpful to understand intrinsic anharmonic phonon characteristics of free
graphene and the divergence on the G peak line shift with temperature. However, the observed linewidth variation
is different from the prediction. To reveal the origins, a simplified Klemens model is used, and the dominating
anharmonic phonon scattering mechanism is explored. In addition, line shift and linewidth variations of D and
2D peaks of the graphene sheets with temperature are revealed, and the possible mechanisms dominating the

results are discussed.
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I. INTRODUCTION

Graphene, a monolayer graphite sheet, exhibits many exotic
and fantastic properties owing to its unique linear energy
dispersion relation near the K point in its Brillouin zone.' Par-
ticularly, its exceptionally unique electronic properties, such
as the half-integer quantum Hall effect at room temperature,’
quantum transport of massless Dirac fermions,® extremely
high mobility of its charge carriers,* and the potential for
realizing ballistic conduction,” make graphene a promising
candidate for ultrahigh-speed nanoelectronics.® Currently,
many techniques have been used to identify this amazing
material, such as optical microscopes,” x-ray photoelectron
spectra,® low-energy electron diffraction,” scanning tunneling
microscopes,'’ and Raman scattering,''"'* etc. Among them,
Raman scattering is considered a nondestructive technique
for quick inspection of layer numbers'"!'? and the struc-
tural and electronic properties of graphene.'® Particularly,
temperature-dependent Raman scattering is important for
further understanding some of the physical effects induced
by anharmonic phonons, such as thermal expansion, specific
heat, and thermal conductivity.'*!7 The anharmonic phonon
effect is a combined effect of phonon-phonon (ph-ph) and
electron-phonon (e-ph) interactions, which plays a key role in
thermal expansion and carrier transport properties of materials.
In addition, the anharmonic phonon properties of graphene are
also a significant aspect for the design of efficient nanoelec-
tronic devices.'> Recently, the temperature-dependent Raman
line shift of the G phonon mode have attracted significant
attention'®2! because it can be used to monitor laser-induced
local temperature changes in graphene and carbon nanotubes
to extract information on the thermal transport properties
of these systems.?’”>’ The superior thermal conductivity
of graphene was deduced on the basis of the temperature
coefficient of the Raman G peak shift with temperature, as
reported in Ref. 16,17,22. However, it should be noted that the
reported temperature coefficient of the G mode of graphene is
diverse, ranging from —0.016 to —0.038 cm~!/K depending
on the fabrication method for graphene and the supporting
substrate under the graphene layers.'®2! Although the reported
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temperature effect on Raman spectra is not a substrate-induced
property, it is difficult to rule out the contribution of the
substrate to the single- or double-atomic-layer graphene from
the measured data. Thus, exploring intrinsic anharmonic
phonon characteristics of free graphene without a supporting
substrate is necessary and imperative.

Here the temperature-dependent Raman scattering exper-
iments were performed on unsupported vertical graphene
sheets, where there is no surface contact among the graphene
sheets and no contact with other matter except with the
atmosphere where they are exposed. They are better approx-
imate to a free graphene compared to the graphene layers
reported by Refs. 16-21. Hence, by using these special
graphene sheets, the substrate effects can be eliminated, and
the intrinsic characteristics of graphene will be revealed to a
more approximate extent. Moreover, according to the model
calculation”" of the temperature dependence of the line
shift and linewidth combined with experimental data, it is
inferred that the four-phonon process is dominant over the
three-phonon process in the Raman line shift, while thermal
expansion contributes a weak compensation effect to the
Raman line shift. However, for the linewidth variation, it is
found that the ph-ph interaction is the dominant factor in
broadening G mode linewidth, while e-ph interaction narrows
the linewidth slightly. Also, two other Raman modes of D and
its overtone 2D have been studied, and their variation with
temperature has been revealed systematically. To the best of
our knowledge, there are few detailed reports on the D and
2D modes varying with temperature until now because the
analysis of the D mode is considered to be difficult since the
signal is strongly influenced by the defect density.?! A different
variation behavior in the linewidth of the two-phonon 2D mode
from that of the one-phonon D mode is observed. The possible
physical mechanisms behind the phenomena are discussed.

II. EXPERIMENTS

The unsupported vertical graphene sheets were grown
on SiC substrates by using physical vapor transport (PVT)
equipment. A commercially available 2-inch 4H-SiC (0001)
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on-axis wafer (TankeBlue, Beijing) was used as a substrate for
growing unsupported vertical graphene sheets. Before loading
the SiC wafer in the PVT system, it was degreased with acetone
and methanol, rinsed with deionized water, and blown dry with
nitrogen gas. Then the SiC substrate was put into a graphite
crucible and loaded into the PVT system. The SiC substrate
was heated to 1600 °C in an atmosphere of argon and hydrogen
mixing gas (95 vol % Ar + 5 vol % H,), while decreasing the
pressure in the PVT system from 50 kPa to 0.001 Pa in 5 min
and then adding the mixing gas to the PVT system until the
pressure reached 50 kPa and maintaining these conditions for
25 min. After repeating the pumping and filling procedure
three times, the heat was turned off, and the temperature was
cooled to room temperature naturally. A black film formed on
the surface of the SiC substrate and was composed of densely
arranged vertical graphene sheets with a height of 10-20 um,
as analyzed by scanning electron microscopy (SEM), which
is shown in Fig. 1. To exclude the effect of the SiC substrate
on Raman spectra of the measured vertical graphene sheets,
the graphene sheets were peeled from the SiC substrate by
annealing the SiC, on which the vertical graphene sheets
were grown, at 500 °C for 6 h in air. After annealing, the
~20-um-thick black film was separated from the SiC substrate
and split into several pieces that were about a few centimeters
in size. Three of them were used in our Raman scattering
measurements.

e

FIG. 1. The morphology of unsupported vertical graphene sheets:
(a) SEM cross-section image and (b) magnified image of the local
area in Fig. 1(a) indicated by the black square.
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Raman scattering experiments were performed in a tem-
perature range from 79 to 773 K, and the Raman signal was
collected by a high-resolution Raman spectrometer HR800
with a 532-nm laser excitation focused to a spot about 1 um
in diameter with a power of 1 mW measured on top of the
cold-hot cell window (correspondingly, it was much smaller
on the sample surface) to avoid the effects of local heating on
the sample. Our sample was placed on a 0.17-mm-thick quartz
cover slip, and the cover slip, along with our sample, was
put into the cold-hot cell of a commercial THMS600, which
is a widely used stage for variable-temperature experiments
and whose temperature is controlled by a TMS94 temperature
controller in the temperature range from 77 to 873 K with
an accuracy within £0.1 K. The Raman scattering signal is
recorded after the sample’s temperature reaches the setting
point and remains at that temperature for 3 min to make sure
the temperature is steadily kept at the setting temperature. In
addition, to avoid possible error induced by inhomogeneity in a
sample, our Raman scattering measurement was performed on
a fixed position on the sample while the temperature changed
from high to low or vice versa. Three serial measurements
were performed on three samples that were taken from the
same 2-in. SiC wafer whose surface was covered with the
unsupported vertical graphene sheets. During the Raman
scattering measurement, the quartz cover slip merely acted as
a support, and its contact with the bottom ends of the vertical
graphene sheets was loose. Since the Raman excitation laser
came from the top ends of the vertical graphene sheets whose
heights were about 10-20 pm, the effect of the cover slip on
the Raman scattering signal of the vertical graphene sheets can
be neglected completely.

III. RESULTS AND DISCUSSION

Figure 1 shows the cross-section morphology of the
graphene sheets analyzed by SEM, which is a typical morphol-
ogy of the unsupported vertical graphene sheets we grew on
the SiC substrate. Figure 1(a) shows that the graphene sheets
are vertically standing like a naturally growing herbaceous
plant and their heights are about 10-20 um. In Fig. 1(b)
the magnified image of the top area marked by the square
in Fig. 1(a) shows that the graphene sheets are transparent,
indicating it is a few-monolayer graphene, similar to the 1-
to 4-monolayer graphene observed by transmission electron
microscopy (TEM) in our previous work.’> Meanwhile, it
is noted that the graphene sheets show a similar feature of
narrowing its width with its height. The shape is a benefit
to enhanced field emission properties, as confirmed in our
earlier work.?” In addition, this kind of graphene is an ideal
configuration for studying the intrinsic properties of graphene
since a graphene structure that is a single atomic layer thick
is easily interacts with other contact matters, especially its
supporting substrate. Therefore, variable-temperature Raman
scattering experiments were performed on the graphene sheets
to explore its intrinsic anharmonic phonon effects and the
physical mechanism behind the observed phenomena.

Figure 2 shows Raman scattering spectra of the unsupported
vertical graphene sheets measured in a temperature range
from 79 to 773 K. In Fig. 2, three typical Raman peaks are
clearly observed. The prominent peak is a G peak positioned at
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FIG. 2. (Color online) The typical Raman scattering spectra of
the unsupported vertical graphene sheets measured in a temperature
range from 79 to 773 K.

1580 cm™!, with a linewidth of 16 cm™! at room temperature,
which is contributed by the degenerate phonon mode E», at
the center of the Brillouin zone and is a typical representative
of sp? carbon hybridization.’> The D peak originates from
a defect-assisted one-phonon process near the K point of
the Brillouin zone which is sensitive to the domain size of
graphene or the crystalline defects in graphene; its position is at
1350 cm™', with a linewidth of 22 cm™! at room temperature.
The 2D peak, an overtone of the D peak, which originates
from a second-order phonon process involving two optical
phonons near the K point, is located at about 2697 cm ™!, with
a linewidth of 27 cm~'at room temperature. It is noted that the
2D peaks measured at different temperatures are symmetric
and can be well fitted by a single Lorentzian line shape. As
is well known, the 2D peak is sensitive to the layer number
of graphene and is often used to identify the layer number of
graphene.'"'> However, as seen in Fig. 1, the graphene sheets
are not uniform in layer number, and the collected Raman
signal is contributed by the vertical graphene sheet bunching
at an area of the laser spot that has a diameter of about 1 yum.
This fact suggests that different carbon honeycomb layers
in the same graphene sheet are weakly coupled and behave
like a single monolayer graphene in their Raman spectra.>*
In addition, the 27-cm~! linewidth in the 2D peak is close
to the best reported result (24 cm™') of a 2D peak from
a monolayer graphene,> which means that the crystalline
quality of our unsupported vertical graphene is as good as the
ones prepared by other methods.>® Furthermore, the narrow 2D
peak linewidth indicates the graphene sheets covered by the
laser spot have similar crystalline quality and stacking way of
the adjacent layers in the same graphene sheet. In our situation,
each of the graphene sheets is free standing vertically, and
there is no surface contact among them. Therefore, the Raman
features of the unsupported vertical graphene sheet bunching
are approximate to a free graphene without any contact with
other matter. A detailed analysis of the experimental data
obtained here is helpful for revealing and understanding the
intrinsic anharmonic properties of free graphene.

The temperature dependence of the G peak line shift and
linewidth of the three samples measured in the temperature
range from 79 to 773 K are shown in Fig. 3, where different
symbols represent the measured data from different samples.
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FIG. 3. (Color online) The temperature dependence of (a) the line
shift and (b) the linewidth of the G peak measured in the temperature
range from 79 to 773 K. The half-filled diamonds, filled triangles, and
open triangles represent the experimental data of the three samples. In
Fig. 3(a), the solid line is a theoretical prediction from Ref. 37, and the
dashed line is a calculated result using the simple model. In Fig. 3(b),
the solid line is a calculated result using the model including the
contributions of three-phonon, four-phonon, and e-ph interactions,
which are shown as a dotted line, dashed line, and dot-dashed line,
respectively.

Here all of the experimental data about the G peak line
shift as well as its linewidth are extracted from the Raman
spectra, measured at different temperatures, fitted by a single
Lorentzian function, where the relative zero point of the
G mode line shift is taken as 1582 cm™!, which is a G
mode frequency at the low temperature of our samples.
From Fig. 3(a), it is found that these experimental data from
different samples are all matched well with a single curve. The
result suggests that the characteristic of anharmonic phonons
revealed by using unsupported vertical graphene sheets is not
sample dependent, but an intrinsic behavior of a free graphene.
Furthermore, the line shift variations with temperature are
quite consistent with the theoretical prediction based on the
first-principles calculation reported by Bonini et al’’, as
shown by the solid line in Fig. 3(a). Remarkably, the matching
between our experimental data and theory for the G mode line
shift with temperature indicates unsupported vertical graphene
sheets are a good substitution for free graphene. According to
the theoretical calculations,” it is known that a four-phonon
process is dominant over both thermal expansion and three-
phonon effects on G mode line shift with temperature. In
Fig. 3(a), it is shown that the relationship of the G peak position
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and temperature is nonlinear in the whole temperature range
we measured. In the low-temperature range below 400 K, the
G peak position changes slightly with temperature. However,
in the high-temperature range above 400 K, the G peak line
shift shows a clear linear tendency with temperature. To
compare our results with other reported results,'” a linear
fitting was performed in the two temperature ranges. The
slopes are —0.020 and —0.022 cm~!'/K in the lower- and
higher-temperature ranges, respectively. The deduced slope
of —0.020 cm~!/K at its absolute value is more than 25%
higher than that of —0.016 and —0.015 cm~!/K for the
single-layer and bilayer graphene reported by Calizo et al.
for the temperature scale of 100-400 K.'7” We suppose the
large difference can be ascribed to the supporting substrate
under the single-layer or bilayer graphene. A further study
of temperature-dependent Raman spectra of graphene lying
on SiC substrates with different orientations is underway
to explore the substrate functions on temperature-dependent
Raman spectrum.

In addition to the origins of the G peak frequency shift, the G
peak linewidth is another significant quality for uncovering the
interactions of electrons and phonons, which is very important
for designing and understanding graphene-based electronic de-
vices. Figure 3(b) shows the temperature-dependent linewidth
of the G mode in the whole temperature range from 79 to
773 K. The dependence of linewidth on temperature is also
found to be nonlinear, and the linewidth is seen to broaden
with increasing temperatures. However, it is noted that our
experimental data on linewidth varying with temperature are
completely different from the theoretical prediction by Bonini
et al. based on the first-principles calculation,?’ although their
calculation of the G mode line shift matches quite well with
our experimental data. Bonini et al. predicted that the G peak
linewidth would narrow with increasing temperature, while
only considering contributions of the e-ph and three-phonon
processes to G mode linewidth variation. However, our results
are similar to the recent experimental observations by Berciaud
et al*' on graphene monolayers, where G mode linewidth
broadened with increasing temperature. In their study,’! they
supposed that the observed broadening might result from
contributions from higher-order anharmonic phonon terms that
become significant at high temperature.

In order to reveal the physical mechanism responsible
for dominating the G mode temperature-dependent behavior,
especially a G mode linewidth variation, a model is proposed
to analyze our experimental results. In principle, the phonon
frequency shift Awg; and linewidth I'q; can be deduced from
Awq; =Re[Ilg;] and I'q; = —Im[I1g;], with Re and Im being
the real and imaginary parts and Ilq; being the anharmonic
phonon contribution to the phonon self-energy, assuming that
the absolute value of I1; is far less than the phonon frequency
o 38 To simplify the calculation, at a certain temperature,
the G mode frequency of graphene can be expressed as>%~3"

(T) = wo+ Aw, A dol ari[92] av. )
w = W w, w= | — - ,

0 dT |, av |,
where wy is the G mode frequency while T approaches 0 K;
here we use wy = 1582 cm™' to fit our experiment data. Aw
is the phonon frequency shift at temperature T, [42], ATis
a frequency shift due to the self-energy variation induced by
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direct coupling of the phonon modes (sometimes referred to
as the pure temperature effect), and [dd—“?]T AV is a frequency
shift due to the contribution from the thermal expansion in
volume.

For the pure temperature effect, a simple Klemens
model?®" is used, considering three-phonon and four-phonon
interactions, to calculate the phonon contribution to the
frequency shift.

dw 2
— | AT =A|1+
dT |y er —1

3 3
B|1 , 2
+ |:+ey—l+(ey—l)21| (2)
how ho
X = —-, Yy ===
2kT 3kT

where coefficients A and B are constants, representing the
contributions of three-phonon and four-phonon processes to
the frequency shift, respectively. In addition to the pure tem-
perature effect, the contribution from the thermal expansion
effect to the Raman frequency shift can be deduced using the
description of the Griineisen constant model:'*

dw r
— | AV =wexp —3)/(;/ o, dT ) —wy, (3)
dv ], 0

where Y is the Griineisen parameter of the graphene G mode,
a, is the thermal expansion coefficient of graphene, and T is
the absolute temperature. We take yg = 1.99 (Ref. 39) and
o, from that of graphite*’ for the E,, mode of graphene.
To check the effectiveness of the model, the G mode line
shift with temperature is shown as a red dashed line in
Fig. 3(a), taking the adjustable parameters of A and B as
—1 and —6 cm™', respectively. It is noted that the dashed
line reasonably described the experimental data, indicating the
simple model is good enough to study the anharmonic phonon
effects semiquantitatively. The values of A and B are of the
same order, which means both three-phonon and four-phonon
processes contribute to the G mode line shift. However the
absolute value of B is nearly 6 times that of A, indicating a
four-phonon process is dominant over a three-phonon process
in contributing to the G mode Raman frequency shift in the
unsupported vertical graphene. This conclusion is completely
consistent with the theoretical calculation given by Bonini
etal®’

To explore the physical mechanism behind the linewidth
broadening with increasing temperature, the model calculation
is also adopted as discussed for G mode frequency shift with
temperature. The temperature-dependent linewidth is con-
tributed from two main parts, one being the ph-ph [[P'PP (T)]
effect involving a phonon decaying into lower-energy phonons
and the other being the e-ph effect [[¢PP (T)], which involves
a phonon creating an electron-hole pair. Thus, the linewidth
I'(T) can be expressed as

[(T) = PP (T) + TP (T), )

where I' (T') is a linewidth of the G mode at temperature 7.
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For ph-ph scattering-induced broadeningI™P" (T), the
simple Klemens model?®*" is adopted, as used by Balkanski
et al.,”> where both of the three-phonon and four-phonon
processes are considered; thus,

2
h-ph .
ey =cC [1 + —ehwo/ZkT — 1]

3 3
ehwo/3kT _ | + (ehw0/3kT_1)2:|’ (5)

+D|:1 +

where C and D are constants. In the high-temperature limit, the
factors multiplied by C and D vary as T and T2, respectively,
where the first and the second terms in brackets represent the
contributions of three-phonon and four-phonon processes to
the linewidth, respectively.

The e-ph scattering-induced broadening I'®P"(T) is de-

scribed by Fermi’s golden rule:3"#!

e 4
quh(T) =N Z |8acrayxi I Lfi (T) = facrq (T8
ki

X [eki — &qkrq)j T gl (6)

where wq is the phonon frequency in wave vector q, the sum
is on N k vectors, fi; (T) is the Fermi-Dirac occupation at
temperature T for an electron with energy ¢;, and § is the
Dirac delta.’’

Similar to the simplified model used in the (Ref. 37), a
simplified model for the temperature dependence of I"®P" for
the G mode was used at a finite temperature 7374

1 1
e—hoo/2kT 4 | ghwo/2KT | 1) - (D

TP (T) = TP (0) (

where a linear-band dispersion around the Fermi energy is
assumed, which is critically satisfied for graphene. Thus,
linewidth variation with temperature is described as

[ (T) = PP (T) + TP (T)

2
=C [1 T e kT 1]

3
+D |:1 + ehiwo/3kT _ | + (eho/3kT 1)2]

1 1
e—hoo/2T | ohwo/2T 4 1} ®)

+ 5P (0) [

where F;ph (0) is a linewidth of G mode at low temperature and

its valve is 11.01 cm™!, as reported.*' Here Ff,'ph 0)=9cm™!

and G mode phonon energy hwy = 196.2 meV are used in
combination with C and D values of 7 cm~! and 1.5 cm™!,
respectively, to get a very good fit to our experimental data of
the G mode linewidth varying vs T, as shown in Fig. 3(b). From
the model calculations, it is found that both the three-phonon
and four-phonon processes contribute to the broadening of
the G mode and that the three-phonon process is dominant
over the four-phonon process in broadening the linewidth.
Conversely, the e-ph process narrows the linewidth with
increasing temperature. In Fig. 3(b), the contributions to the G
mode linewidth from the three- and four-phonon processes and
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the e-ph process are given as dotted, dashed, and dot-dashed
lines, respectively. Based on our model calculations, it is
revealed that the four-phonon process should be included when
analyzing G mode linewidth varying with temperature, and the
scattering contributions from three and four phonons together
with the e-ph interaction can well describe the variation of G
mode linewidth with temperature.

Finally, we address the temperature dependence of the
defect-related D mode and its overtone 2D mode of the
unsupported vertical graphene sheets. The 2D mode is Raman
active and the D mode is Raman forbidden in a perfective
graphene. To the best of our knowledge, there are few detailed
reports on the D and 2D modes varying with temperature up to
now. Here the line shift and linewidth of the D and 2D modes
varying with temperature are shown in Fig. 4.

Figure 4(a) shows that the D peak position shifts to low
frequency with increasing temperature and that the shift trend
is nonlinear. Considering that the D mode is a breathing
mode of sp? atoms in rings,*} the contribution from the
thermal expansion effect to line shift is trivial. Therefore, the
anharmonic phonon contributions from three-phonon and four-
phonon processes should be considered for the one-phonon D
mode, although the disorder-induced D mode is due to second-
order Raman scattering involving a wave vector K phonon
and another scattering event induced by a symmetry-breaking
quasielastic scattering process such as a defect.** Similar to
the model calculation of G mode line shift, the constants
representing three-phonon and four-phonon contributions to
the line shift are taken to be —1 and —2.5 cm™!, respectively,
to fit our experiment data well, while taking wy = 1353 cm™.
In Fig. 4(a), the calculated curve expressed as a solid line
fits our experimental data quite well. For the 2D mode of
a two-phonon Raman scattering, which is also an overtone
of the D mode, the temperature-dependent line shift shown
in Fig. 4(c) is similar to that of the D mode. Therefore, the
simplified model for one-phonon mode line shift was appli-
cable to it, and the constants representing three-phonon and
four-phonon contributions were taken as —5 and —23 cm~!,
respectively, while taking wy = 2699 cm~'. It is seen that
the contributions from the two anharmonic phonon processes
to line shift variation fit our experiment data quite well, as
shown in Fig. 4(c). In Figs. 4(a) and 4(c), the three-phonon
and four-phonon contributions are separately drawn as dotted
and dashed lines in the entire temperature range from 79 to
773 K, respectively. It is noted that both of the three-phonon
and four-phonon processes contribute to the line shift of D
and 2D modes, but the four-phonon process is absolutely
dominant over the three-phonon process, especially at high
temperature.

Figures 4(b) and 4(d) show the dependence of the D peak
and 2D peak linewidths on temperature. It is seen that the
variations of the two linewidths with temperature are clearly
different. A nonlinear curve is found for the D peak linewidth,
similar to that of the G peak, while a nearly linear variation is
found for the linewidth of the 2D peak. For the one-phonon
mode, a simple Klemens model can be used to analyze the
origin of the Raman linewidth variation, as discussed above for
the G mode situation. Here the simple model is used to discuss
the D mode linewidth variation. It is found the simplified
model calculation fits our experimental data very well while
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FIG. 4. (Color online) Temperature dependence of the line shift and linewidth of D and 2D peaks in the temperature range from 79 to
773 K. D peak (a) line shift and (b) linewidth and 2D peak (c) line shift and (d) linewidth vary with temperature; the half-filled diamonds, filled
triangles, and open triangles are experimental data from the three samples, and the solid line is a model calculation result. The dotted line,
dashed line, and the dot-dashed line represent the contributions from three-phonon, four-phonon, and e-ph interactions, respectively.

taking the constants representing the three- and four-phonon
contributions to the linewidth as 9 and 4 cm™!, respectively,
and the D peak linewidth at low temperature as ['*P" (0) =
10 em~!, where contributions from three- and four-phonon
processes and e-ph interaction to the D peak linewidth are
shown as dotted, dashed, and dot-dashed lines, respectively.
The result reveal that both three- and four-phonon scattering
processes together with e-ph interaction take part in D peak
linewidth broadening. For the linewidth of the 2D mode, a
linear variation trend with a slope —0.031 cm~'/K is found
over the whole temperature range. In this case, the simplified
model does not work well on the experimental data because
the simplified model was developed for a one-phonon mode
Raman scattering process. However, because the 2D mode
is an overtone of the D mode and a two-phonon process
with opposite momentum of the two phonons, the phonons
with large momentum should be considered in the scattering
process. Therefore, adapting the present simple model to suit a
two-phonon Raman mode is necessary. The discussions above
tell us that for the one-phonon mode, both the line shift and
linewidth varying with temperature can be described well by
the simplified model used here. However, for a two-phonon
mode, such as the 2D mode, linewidth variation is a little
different at low temperature, where e-ph scattering may be
important, and should be considered in detail. This supposition
should be proven by the first-principles calculation.

IV. SUMMARY

Temperature-dependent Raman spectra are performed in
the temperature range from 79 to 773 K to explore the
anharmonic phonon effects inherent in unsupported vertical
graphene sheets, which is helpful for understanding the
intrinsic anharmonic phonon characteristics of free graphene.
In addition to examining the behavior of the G mode, the
behavior of the D and 2D modes with temperature variation
is revealed systematically. Here the variation of G peak line
shift with temperature is quite consistent with the theoretical
calculation based on the first-principles calculation on a
free graphene. However, the observed linewidth variation,
broadening with increasing temperature, is opposite to the
theoretical prediction. The origins of the observed phenomena
and the dominating anharmonic phonon-scattering mechanism
were revealed based on a simplified Klemens model. For the
G mode, the four-phonon process is a dominant contribution
to line shift variation, while the three-phonon process is a
dominant contribution to linewidth broadening. However, for
the defect-assisted D mode, both three- and four-phonon
processes contributed to line shift and linewidth variations.
However, for the 2D mode of an overtone of the D mode, the
linewidth variation is a little different from the one-phonon
G and D modes in the low-temperature range, and a further
theoretical calculation based on the first-principles calculation
is necessary.
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