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Temperature-dependent (T-dependent) Raman scattering can provide valuable informations on thermal
properties, phonon anharmonicity and electron-phonon coupling of graphene-based materials. Gra-
phene are found to exhibit extrinsic T-dependent Raman behavior at low temperature in vacuum or N;
gas, showing a behavior of heavily doped graphene. To obtain intrinsic properties of graphene-based
materials, we focused on the comparative T-dependent Raman study on graphite and silicon in the
temperature range of 4K~1000K by different excitation lasers and different hot-stages or cryogenic
stations. In contrast to the monotonic increase of full width at half maximum (FWHM) with temperature
for the Si mode in silicon, FWHM for the G mode in graphite exhibits a minimum when T ~ 700K, which
can be explained by the contributions from phonon anharmonicity and electron-phonon coupling. The
result shows that the previous theoretical works underestimate the contribution from phonon anhar-
monicity above ~ 600 K. The electron-phonon coupling strength of 0.026 is revealed, smaller than that of
graphene. The peak position of G peak of graphite shows a nonlinear decrease with increasing tem-
perature, which agrees well with the previous theoretical calculation. Our results find that the contri-
bution of phonon anharmonicity to both peak position and FWHM is more prominent for the G mode in
graphite than the Si mode in silicon.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction graphene to obtain an in-depth understanding of the above prop-

erties. There are many works about the temperature effect of

Raman scattering is one of widely used techniques to charac-
terize the phonon properties of condensed matters [1,2]. The
temperature-dependent (T-dependent) line width and peak shift of
a Raman mode can provide valuable information about anharmonic
terms in the lattice potential energy and the electron-phonon
coupling (EPC) of the corresponding phonons in condensed matters
[3]. Graphene is nowadays widely studied to use in novel electronic
and photonics applications [4,5], since they demonstrated superior
properties including thermal transport and conductance, ballistic
transport, high mobility and electrical conductance [6—10]. It is
indispensable to study the phonon anharmonicity and EPC of
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Raman experiments on graphene flakes [11—17]. However, there
exists apparent inconsistency between experiments from different
groups. Linas et al. [13] found a nonlinear behavior of the peak
position of the G peak, Pos(G), versus temperature for graphene,
which is grown using chemical vapor deposition (CVD) technique
and transferred onto SiN substrate. Lee et al. [ 16], on the other hand,
found that for a CVD-grown graphene on Cu foil, Pos(G) showed a
linear decrease with increasing temperature. Many works notice
that the ultrathin nature of graphene makes the effect of substrate
pivotal to understand its T-dependent Raman spectra. Due to the
mismatch between the thermal expansion coefficient (TEC) of
graphene and substrate, when temperature varies, there will be
strain [12—15] between the substrate and graphene layer. Tian et al.
[15] found that mechanically exfoliated graphene shows a similar
T-dependent Pos(G) no matter whether the graphene has been
suspended or transferred onto Si/SiO; substrate. Shaina et al. [14],
on the other hand, found that for the wet-transferred CVD-grown
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graphene, the T-dependent Pos(G) of graphene with the copper,
SiO,/Si or PDMS substrates are different. These works show that
dopants, defects in the material, as well as growth method, could
lead to different temperature dependence in the Pos(G) of
graphene.

To clarify why there exists apparent inconsistency between
experiments of graphene samples from different groups, we per-
formed Raman measurement of the mechanically exfoliated gra-
phene on SiO,/Si substrates under different experimental
conditions, as demonstrated in the section of experimental
methods. The corresponding results are shown in Fig. 1. Note that
the choice of sample excludes the influence of factors such as
charged impurities, disorder and doping which possibly leads to a
large variation of Pos(G) and full width at half maximum of G mode
(FWHM(G)) [2,18]. Therefore, all the as-exfoliated graphene flakes for
Raman measurements in this work were chosen to exhibit Pos(G) of ~
1582 cm™! within the whole flake, a typical Pos(G) for pristine and
undoped graphene. [2,19] It is found that when the graphene sample
is sealed at a vacuum of 10~8 mbar, its Pos(G) can dramatically in-
crease from 1582 cm™! to 1591 cm™~! at room temperature in some
cases, as shown in Fig. 1 (a). When the sample was cooled down to
80K, its Pos(G) was linearly increased up to 1596 cm™! with a slope
of —0.0238 cm~'/K. When the sample was heated from 80K to
400K, Pos(G) follows the trace of the cooling process but signifi-
cantly diverges from the linear dependence when the sample is
above room temperature, as shown by point-down and point-up
triangles in Fig. 1(b). Even by the same nitrogen cooled cryogenic
station, we found that two experiments can show quite different T-
dependent Pos(G), as shown by point-up triangles and diamonds in
Fig. 1(b). Fig. 1(c) summarized the typical T-dependent Pos(G) at
different conditions from many measurements. It turns out that,
although the as-exfoliated flake is pristine graphene, the variation
of Pos(G) can be as large as 9cm™! under different experimental
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conditions at specific temperature. Because the slight and moderate
doping can make Pos(G) of graphene upshift at specific tempera-
ture [20], the large variation of Pos(G) up to 9 cm~! means that the
samples exhibit different doping levels at different experimental
conditions. This may be one of the major reasons for the large
variation of Pos(G) of graphene dependent on temperature re-
ported by different groups [11—-16]. FWHM(G) is very sensitive to
the doping level of graphene (i.e., its Fermi energy Er) [2,18,20—22].
However, T-dependent FWHM(G) of intrinsic graphene is barely
reported. Fig. 1(d) summarizes the FWHM(G) of the corresponding
experiments in Fig. 1(c) at different conditions and by different
instruments. Although FWHM(G) of the exfoliated graphene flakes
is ~ 13cm~, the measured FWHM(G) in vacuum or in the N, gas
environment at different temperatures is significantly sharpened
down to 6~9cm~. This confirms that the graphene sample is
heavily doped when it is sealed in vacuum or in the N, gas envi-
ronment, leading to that FWHM(G) is not sensitive to temperature.
The FWHM(G) sharpening is due to blockage of the phonon decay
into electron-hole pairs due to the Pauli exclusion principle, when
the electron-hole gap becomes higher than the phonon energy
[18,21,22]. Variation of FWHM(G) in different experiments confirms
that the measured T-dependent FWHM(G) are not from the
intrinsic graphene. Therefore, in the further Raman experiments to
clearly reveal the intrinsic phonon anharmonicity and EPC in gra-
phene, it is very important to confirm that the graphene sample
keeps pristine and undoped at all the measurement temperatures.

By reviewing the previous work, as well as performing T-
dependent Raman measurements by ourselves, we come to realize
that there are several inevitable factors that influence the Raman
spectra of the graphene system. First, the Raman spectra can be
dependent on sample in the presence of defects, doping and
adsorbate. Second, graphene flakes grown by different techniques
also exhibits different Raman features even at room temperature.
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Fig. 1. (a) Raman spectrum of the G mode of as-exfoliated pristine graphene in air, and those sealed in vacuum when the sample was cooled from room temperature down to 80 K
and then heated from 80 K up to 400 K. (b) T-dependent Pos(G) of the graphene sample (exp1) in (a) and another graphene sample (exp2) measured by the same nitrogen cooled
cryogenic station. (c) T-dependent Pos(G) and (d) FWHM(G) of graphene samples when they are measured by different systems and different experimental conditions. Aex = 514 nm.

(A colour version of this figure can be viewed online.)
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Third, the detailed experimental condition for Raman measure-
ments, such as placing the graphene flakes in vacuum, or nitrogen
atmosphere as shown by Fig. 1, may also influence the resultant
Raman spectra. Forth, the ultrathin nature of graphene makes it a
prerequisite to always consider the TEC mismatch between the
material and the substrate. The calculated TEC of graphene, how-
ever, exhibits considerable different T-dependent behaviors when
using different calculation techniques or settings [23—26]. This
makes it difficult to extract the intrinsic T-dependent Pos(G) from
Raman measurement of graphene on substrate. In short, it seems
that both the experimental and theoretical works on T-dependent
Raman spectrum of graphene cannot reach a coincident result,
which hinders the intrinsic temperature effect of graphene to be
revealed.

Graphite can be considered as a nontrivial prototype to study
the intrinsic temperature effect of graphene-based materials based
on the following reasons: 1) Graphite is a semi-metal material
formed by stacking numbers of graphene layers along c-axis, thus
its phonon anharmonicity and EPC should be closely related to that
of graphene. 2) In contrast to graphene, graphite is more stable,
lacks charged impurities, and shows very low sensitivity to varia-
tions in experimental setup. 3) Its TEC had been well studied. 4)
Graphite is too thick to consider any strain effect from substrate.

Although the Raman spectra of graphite has been studied for
about 45 years [27], there are a few studies on temperature revo-
lution for the G modes in graphite in detail [28—31]. The whole
picture of temperature dependence is well understood by theory
[3]. It is very important to determine the intrinsic values of the
related parameters for its applications in fundamental research.
However, the intrinsic contribution from EPC and phonon anhar-
monicity has not been distinguished for FHWM(G) in graphite by
experiments up to now. For example, the probed FWHM(G) at room
temperature by UV excitation [31] is as large as 16 cm™~’, and the
frequency variation around specific temperature is as large as ~
1.0cm™L In the fitting, the theoretical value of EPC term [3] is
directly used, resulting in the phonon anharmonicity contribution
at T=0K being as large as ~4 cm~!, much larger than the corre-
sponding theoretical value of 1.6 cm~! [3]. P. Giura et al. reported
temperature evolution [30] of the G mode in graphite in the tem-
perature range of 300—700K. The theoretical and experimental
data were presented without fitting to distinguish the contribu-
tions from EPC and phonon anharmonicity. Both of the two works
do not declare the subtraction of the spectral broadening of Raman
system from the experimental data, which may lead to large error
in the determination of intrinsic contribution from EPC and phonon
anharmonicity. Because FWHM(G) in graphite is mainly deter-
mined by EPC contribution, not so sensitive to temperature in
comparison to other semiconductors, like silicon [32], the Raman
system with high spectral resolution and the measurement below
room temperature are necessary. Therefore, more works are
needed to further understand the T-dependent evolution of
FWHM(G) in graphite.

In this work, we investigate the T-dependent Raman spectra of
bulk graphite in the temperature range of 4—1000 K. We use Raman
system with a high spectral resolution of 0.45 cm™, two laser ex-
citations and three independent hot-stages to confirm the experi-
mental data to be reliable and repeatable. Most importantly, to
obtain intrinsic fitting parameters from the experimental works,
the spectral broadening from Raman system was excluded from the
experimental data. Unlike graphene, the Raman spectra of which
show significant dependence on the instruments used and the
experimental conditions, graphite show similar T-dependent
Raman behavior for different experimental conditions and different
excitations. This ultimately enables us to reveal the intrinsic tem-
perature effect of bulk graphite on its G modes and to distinguish

the contribution of phonon anharmonicity and EPC to FWHM(G)
without any ambiguity. Pos(G) and Pos(2D) of graphite decrease
nonlinearly with temperature in the range of 4 ~ 1000 K. FWHM(G)
decreases with temperature up to 700K and then increases with
temperature, in contrast to that of the 2D mode which linearly
increases with temperature. Because FWHM(G) is mainly deter-
mined by the EPC term, the contribution from phonon anharmo-
nicity is expected to be weak. However, the comparative study of
graphite and silicon shows that the contribution of phonon
anharmonicity to the G mode in graphite is more prominent than
the Si mode in silicon.

2. Experimental methods

The graphite samples are standard highly oriented pyrolytic
graphite for achieving the atomic image of graphite layer in scan-
ning tunneling microscope systems (Park Scientific Instruments).
Monolayer graphenes were obtained by micromechanical cleavage
of natural graphite on the surface of a Si wafer chip with 90-nm-
thick SiO, on the top [33], which are identified by Raman spec-
troscopy and optical contrast measurement [34].

The Raman measurements were performed in back-scattering
geometry using a Jobin-Yvon HR800 system equipped with a
liquid nitrogen cooled charge-coupled detector. The excitation
wavelengths Aey are 514.5 nm from an Ar* laser and 632.8 nm from
a He—Ne laser. Using a grating with a groove density of 1800/mm,
the achieved spectral resolution were 0.45cm™!. A long working
distance 50 x objective lens were used to ensure high signal to
noise ratio, achieving a spatial resolution better than 0.7 um. Dur-
ing all the measurements, laser power has been kept low enough to
prevent any sample heating. The broadening from Raman system is
estimated to be ~ 1.1 cm™! based on the measurement of the Ray-
leigh signal at 0.0cm™ .,

To obtain the T-dependent Raman spectra of graphene under
different conditions, four systems have been used: a helium cooled
cryogenic station (Montana Instruments) covering the temperature
range from 4K to 300K at a vacuum of 10~ mbar, two program-
mable hot-stages THMS600 and THMS350V (Linkam Scientific In-
struments) covering the temperature range, respectively, from 80 K
to 1000K in a Ny gas environment and from 80K to 600K at a
vacuum of 10~3mbar, and a Nitrogen cooled cryogenic station
ST400-UHV (Janis Research Co.) covering the temperature range
from 80K to 500K at a vacuum of 10~3 mbar. Both of the two
Linkam instruments have a temperature stability of 0.1 K.

A 514 nm laser has been used as the major excitation source to
conduct measurements covering the temperature range from 4 K to
300K by Montana system and from 300K to 1000K by TS1200
stage (Linkam Scientific Instruments). A 633 nm laser has also been
used as an additional excitation source to measure Raman spectra
of graphite by THMS600 from 80K to 800K, aiming to further
confirm the results by the 514 nm laser.

3. Results and discussions

Fig. 2 (a) and (b), respectively, show the typical spectral feature
of the G and 2D modes of graphite: the former could be well fitted
by a single Lorentzian peak, and the latter by double Lorentzian
peaks (notated as 2D; and 2D, peak, respectively) [35]. Fig. 2(c) and
(d) present the T-dependent G and 2D modes in the form of contour
plots in the range from 4K to 1000K, showing the Raman in-
tensities of the G and 2D modes versus frequency and temperature.
The peak intensity of each spectrum was normalized to 1 to
conduct direct comparison regarding the FWHM of different
modes. For a comparison purpose, the typical spectral feature of the
Si mode at 521 cm ™! in silicon at room temperature and its contour
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Fig. 2. Raman spectra of the (a) G and (b) 2D modes in graphite, and the corresponding contour plot of Raman intensity of the (c) G and (d) 2D modes versus frequency and
temperature. For comparison, Raman spectrum of (e) the optical mode (Si mode) at ~ 521 cm~" in silicon and (f) the corresponding contour plot are shown. Jex = 514 nm. (A colour

version of this figure can be viewed online.)

plot of T-dependent Raman spectra are also presented in panels (e)
and (f) of Fig. 2, respectively. Inspecting on the contour plots shown
in panels (c), (d) and (f), the FWHM of the three modes exhibits
different T-dependent behaviors. As temperature increases, the
Raman mode of silicon shows the most obvious broadening, from
1.7cm~!at 4K to 9.7 cm~! at 1000 K. For the 2D mode in graphite,
FWHM(2D1) and FWHM(2D,) are also broadened with a smaller
increase rate. In addition, the relative intensity of the 2D; peak
increases with temperature, leading to the 2D mode becoming
much broader at higher temperature. In contrast to the 2D and Si
modes, however, the G mode in graphite does not show any
noticeable broadening as the temperature increases from 4K to
1000 K.

Before delving into the detailed discussion on the T-dependent
FWHM of the Raman modes in graphite and silicon, we firstly go
through the mechanisms that make contributions to the FWHM
broadening. For a perfect sample free of doping, defects and dis-
orders, phonons can decay into lower-energy phonons (ph-ph) or
by creating an electron-hole pair (e-ph). Therefore, the corre-
sponding Raman mode have a finite T-dependent FWHM, I'(T),
which includes the following two terms [3]:
L(T) =T*(T) + T(T) (1)
where T'"" represents the contribution from phonon-phonon in-
teractions due to anharmonicity in lattice vibrational potentials and
i represents the contribution from the EPC term of the Raman
mode. I'" could be determined by considering scattering processes
together with three phonons (3-ph) and four phonons (4-ph) and
expressed by the following equation [32]:

1 (T) = A1+ 2fan (5)] + B[1+ 3fan () + 32 (3)] (2)
2 3 a3

where x = hwg/(kgT), fan(x) = 1/[(exp(x) — 1)], A and B are fitting

constants, wg is the phonon frequency at T=0K and kg is the

Boltzmann constant. fgn(x) terms describe phonon population at

thermal equilibrium in Bose-Einstein distribution. On the other
hand, TP is present in a system with null electron gap, the situ-
ation of which applies to pristine graphite with Er = 0. In this case,
this term could be modeled by the following equation [3]:

TC(T) = TC(0) [fepe(—%/2) — fepe(x/2)] (3)
where x = huwg/(kgT) and fepc(x) = 1/[exp(x)+1] is the Fermi-Dirac
distribution at temperature T. [P C(O) %wo, in which A is a
dimensionless coefficient corresponding to the EPC strength [3] at

the I" point. Such variation of [EC in graphite is due to the decay of
the G phonon into an electron-hole pair. For a material with visible

or near-infrared bandgap, e.g., silicon, the contribution of I'¥’* to
FWHM can be ignored.

Fig. 3(a) and (b) show the T-dependent FWHM(2D,) and
FWHM(G), respectively. In Fig. 3(b), blue diamonds are FWHM
measured by the Montana station (4~300K) and TS1200 stage
(300~1000K) with A.x =514.5nm, and pink circles are FWHM
measured by the THMS600 stage (80~800K) with Aex =633 nm.
Note that the data shown in these two panels are obtained by
subtracting the spectral broadening (~ 1.1 cm™!) of Raman system
from the experimental data. As shown in Fig. 3(a), FWHM(2D;)
exhibits a linear dependence on temperature, with a slope of
0.012 cm’1/I( and an intercept of 28.1 cm™! at 0K for Aex = 514 nm.
For the G mode, FWHM(G) does not show the dependence on Aex in
the visible range. Thus, two A¢x (514.5 nm and 633 nm) were used to
confidently confirm the weak T-dependent FWHM(G) of graphite,
as depicted in Fig. 3(b) by blue diamonds and pink circles, respec-
tively. Interestingly, different from a monotonic variation of
FWHM(G) with increasing temperature, FNVHM(G) demonstrates a
more intriguing behavior: it firstly decreases with a quite small rate
until 700K, then slowly increases afterwards. To understand this
peculiar T-dependent behavior, Eq. (1) is used to fit the data of
FWHM(G), as shown by the red solid line in Fig. 3(b). The red solid
line achieves a perfect fitting for the experimental results. At the
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broadening. (A colour version of this figure can be viewed online.)

same time, the contribution from the anharmonicity and EPC are
also depicted separately using dash-dotted lines. The EPC contri-
bution dominates on the overall profile until 700 K, which leads to a
general decreasing profile. On the other hand, the contribution
from the phonon anharmonicity is increasing with temperature,
leading to an increasing profile after 700 K which could not be fully
compensated by the EPC contribution. At T=0K,
r0)=158cm! and I'¢(0)=10.3cm . These values agree
well with the calculated ones by first principle theory [3], being
1.65cm ! and ~ 9.8 cm™, respectively. The experimental T'E7¢(0)
gives Ar =0.026, which is slightly smaller than that (0.032) of
graphene [36] and slightly larger than the value (0.025) of graphite
[3]. However, we notice that the experimental I'**(T) is much larger
than the theoretical results [3] above 600K, leading to an upward
profile in I'(T) at high temperature side, which diverges from the
case of the theoretical work [3].

The T-dependent FWHM(Si) of silicon is shown in Fig. 3(c). Since
the electron gap in silicon is much larger than energy of related
phonon, the contribution from EPC is excluded. The solid line
shows a very good fit by considering the contributions from the
phonon anharmonicity involving 3-ph and 4-ph scattering pro-
cesses, as depicted by the two dash-dotted lines [32]. The fitting
indicates that the 3-ph scattering process dominates the T-depen-
dent FWHM(Si). As temperature increases, the contribution from
the 4-ph scattering process become more and more important. It is
interesting that comparing I'™" in graphite and silicon, I'*" is ex-
pected to be small in graphite, and the theoretical contribution of
(900 K) to FWHM(G) is only 3cm~' [3]. However, the fitted
contribution (900 K) is close to 5.0 cm ™!, which is comparable to
8.3 cm ! of I'™(900K) in silicon. Therefore, the results reveal that
phonon anharmonicity contribution to FWHM(G) is dominant in
graphite at temperature above 900 K.

Fig. 4(a) and (b) depict Pos(G) and Pos(2D3) as a function of
temperature. In Fig. 3(a), Pos(G) obtained by using 514.5 nm (blue
open diamonds) and 633 nm laser (pink open circles) are presented
together. Previous reports in graphite, graphene and nanotubes
observed a linear dependence of the peak position
[11,15,28,30,37,38]. However, here both the two peaks demonstrate
a nonlinear dependence of the peak position on temperature. For
instance, the temperature coefficients of the G (2D;) peak
are —0.0127 (-0.0122), —0.0170 (-0.0247), —0.0201 (-0.0312),

and —0.0260 (—0.0406) cm!/K, respectively, in the temperature
ranges of 80~300K, 300~500K, 500~700 K, and 700~900 K. Taking
the G mode for an instance, at high temperature side, the tem-
perature coefficient of peak position is more than two times as that
of low temperature side.

The dependence of peak positions on temperature, w(T), could
be attributed mainly to two factors by the following equation:

W(T) = wg + Aw™he™a(T) 4 A0 (T) (4)

where Awtermal(T) accounts for the variation of the harmonic
pulsation by varying the lattice parameters (as a consequence of the
thermal expansion) and can be calculated by the following equa-
tion [39]:

T
Aw™ermal(T) = woexp? — 06 [a(T’)dT’
0

(5)

where vy is the Griineisen constant, «(T) is the linear T-dependent
expansion coefficient of the material and 7 is the dimensionality
factor of the material (7 = 2 for the G mode in graphite and n» = 3 for
the Si mode in silicon). The Aw®*(T) term in Eq. (4) can be inter-
preted as anharmonic contribution involving 3-ph and 4-ph scat-
tering processes and expressed by the following equation [32]:

40™(T) =C[1 4 2fan(3)] + D[1+ 3 () + 3 (3)]
where C and D are fitting constants, x = awgy/(kgT) and
fan(x) = 1/[exp(x)—1], as mentioned in Eq. (2). However, taking Eq.
(5) and Eq. (6) into Eq. (4) to fit T-dependent Pos(G), it exhibits
obvious difference between experimental and fitted results. Indeed,
in the previous works [3,30], all the terms in Eq. (4) for graphite as
addressed above had been calculated by density functional theory,
including the contribution from the 3-ph and 4-ph scattering
processes. The total theoretical contributions from expansion and
phonon anharmonicity [3] are depicted by the solid line in Fig. 4(a).
It is shown that except for some small discrepancy in the range of
4~70K (the maximum of the discrepancy goes to around
0.8cm~'at 20K), the experimental results are in very good



456 H.-N. Liu et al. / Carbon 152 (2019) 451—458
1586 (@) thermal expansion L) b ©
3 g s L LU 2730 F 2730 —
1582 [ R 2125 F
r A2725 8 % _ X
- E L T
§1578 S k. Sarof
5 32720 = g
Bisral 7 QZ Zonsf
* [ Q2715 - %% a slope=1.52
1570 | : A A 3
L 2710 | 2 b
- ; 2705 |
1566_‘..1...| PR P | o705 Laa L v i 1w i1 7/ IR T I I |
0 200 400 600 800 0 200 400 600 800 1565 1570 1575 1580 1585

Temperature (K)

Temperature (K)

Pos(G) (cm)

Fig. 4. T-dependent (a) Pos(G) and (b) Pos(2D;) of graphite. In panel (a), the solid line provides the total theoretical Pos(G) by considering the contributions from thermal expansion
and phonon anharmonicity (including 3-ph and 4-ph scattering processes) [3]. The individual contributions (dashed lines) are also depicted by appropriately offsetting the ac-
cording data. (c) Correlation between Pos(G) and Pos(2D-) of graphite at different temperatures. (A colour version of this figure can be viewed online.)

consistency with the theoretical ones [3]. To compare the contri-
butions from 3-ph, 4-ph scattering processes and thermal expan-
sion, these three contributions are also depicted separately by
dashed lines in Fig. 4(a), by offsetting the contributions accordingly.
The thermal expansion and the 3-ph scattering process generally
lead to a positive line shift, while the 4-ph scattering process leads
to a negative line shift. Among these three factors, the 3-ph scat-
tering process gives the smallest contribution, while the 4-ph
scattering process dominates the overall contribution. Indeed, the
theoretical contributions from 3-ph and 4-ph scattering processes
can not be fitted by the corresponding parts in Eq. (6).

As for the 2D mode, its peak position is also nonlinearly
dependent on temperature. However, it is not proper to use 3-ph
and 4-ph scattering processes to account for the contributions
from the anharmonicity. More work is needed to explain its T-
dependent behavior, which is beyond the scope of this work. The
correlation between Pos(2D3) and Pos(G) of graphite at different
temperatures is depicted in Fig. 4(c). The slope dPos(2D,) /dPos(G)
is 1.52, much smaller than the ratio (1.72) between Pos(2D;) and
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Pos(G). The temperature variation can result in the lattice change to
modify the phonon dispersion curve of graphite. The band struc-
ture of graphite is also dependent on temperature. Pos(2D;) is
determined by the double resonant Raman process [40,41], which
is sensitive to the band structure of graphite, thus, it is reasonable
that dPos(2D-,) /d8Pos(G) is quite different from Pos(2D;) /Pos(G).

It is worthwhile to compare the temperature dependence of
peak position and FWHM broadening of graphite and silicon [39].
Note that if the absolute temperature is used, some ambiguity may
exists. For instance, the line shift induced by phonon anharmonicity
is 13.8 cm~! (consider the magnitude only), in the range of 4~800 K.
This value is much larger than that of Si (~11 cm™!) in the same
temperature range. On the other hand, the remaining FWHM
dependence only on phonon anharmonicity in graphite is
~1.7 cm~'at 80K, which is much larger that that (~1.1cm™!) of
silicon. The value of I'*(800 K)/T'*"(80K) in graphite is 2.5, while
that in silicon is 6.5. Note that the phonon energy for the two
modes are significantly different, it is inappropriate to compare
them directly using the absolute temperature. To deal with this
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Fig. 5. The comparison of (a) peak position and (b) linewidth broadening with respect to the normalized temperature for the G mode and Si mode. Diamonds are the results
measured by the Montana station (4~300 K) and TS1200 stage (300~1000 K) with the 514.5 nm laser. Circles are the results measured by the THMS600 stage (80~800 K) with the
633 nm laser. The contribution from thermal expansion has been excluded in panel (a). The contribution from EPC has been excluded in panel (b). (A colour version of this figure can

be viewed online.)
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issue, we present the results using the normalized temperature, as
shown in Fig. 5(a) and (b). The temperature is normalized as
kT /hwg, where wq represents Pos(G) and Pos(Si) extrapolated at
T = OK. Thus, a direct comparison on the temperature dependence
of Raman spectra between these two materials can be made. In
Fig. 5(a), after subtracting the thermal expansion contributions
[3,39,42,43] from the present experimental results, it could be
easily seen that Pos(G) in graphite shows a stronger temperature
dependence than Pos(Si) in silicon, since the former exhibits a
steeper slope than the latter one. Fig. 5(b) shows the FWHM
broadening of the two modes with respect to the normalized
temperature, with the contribution from EPC being excluded in
graphite. Unlike the ambiguity resulted from the use of absolute
temperature, in Fig. 5(b), it is readily shown that there is more
prominent temperature dependence of phonon anharmonicity of
the G mode in graphite than the Si mode in silicon. Within the same
normalized temperature range, the increase of FWHM(G) in
graphite is actually much larger than FWHM(Si) in silicon. Thus, for
both peak position and FWHM, the contribution of phonon
anharmonicity is more prominent for the G mode in graphite than
the Si mode in silicon.

4. Conclusion

T-dependent Raman spectra of graphene were found to be very
sensitive to both samples and detailed experimental conditions,
which lead to the diverse results by different groups. To reveal the
intrinsic temperature effect of the graphene-based systems, we
studied the phonon anharmonicity and EPC in graphite by T-
dependent Raman spectroscopy in the temperature range from 4 K
to 1000 K. Pos(G) shows a nonlinear dependence on temperature,
which is well explained by thermal expansion effect and phonon
anharmonicity including both 3-ph and 4-ph scattering processes.
As for the FWHM, the G and 2D peaks exhibit different T-dependent
behaviors: unlike the 2D peak which shows a linear broadening
when temperature increases, the G peak shows a nonlinear
dependence on temperature. The intrinsic contribution from
phonon anharmonicity and EPC was distinguished. It is found that
the contribution of phonon anharmonicity to both peak position
and FWHM of the G mode in graphite is more prominent than the Si
mode in silicon. Since graphite is a basic material for carbon allo-
tropes, the above results will be very helpful in understanding the
mechanism of phonon anharmonicity and EPC in other carbon
based materials, such as graphene and carbon nanotubes.
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