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Abstract 

 

We have examined the effect of temperature and pressure on the Raman-active G-band of 

graphene nanoplatelets with an average thickness of 4 nm. Measuring the Raman mode frequency 

and width of the G-band as a function of temperature and pressure allowed us to extract the 

individual factors contributing to the frequency and width of the G-band, i.e. the volumetric 

(thermal expansion) and anharmonic (phonon-phonon interactions) terms responsible for the 

Raman shift, and the electron-phonon coupling and anharmonic contributions controlling the 

width/ lifetime of the G-band. Considering the available literature, the significant role of the 

anharmonic effects for understanding the G-band physical processes in carbon-based systems is 

highlighted. 
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1. INTRODUCTION 

Raman spectroscopic investigations under external perturbations constitute an indispensible 

tool for understanding partially the physical phenomena associated with anharmonic phonon 

processes, such as thermal expansion, specific heat, and thermal conductivity1–6. These 

anharmonic phonon effects encompass phonon-phonon and electron-phonon interactions, which 

play in turn a key role in the thermal and transport properties of materials.  

 

In graphene and relevant carbon (nano)materials, in particular, monitoring of the intense 

Raman-active G-phonon band with varying temperatures has become a routine for extracting 

information regarding the thermal transport properties of these systems7–10. These experiments 

allow for quantifiying important physical properties such as thermal conductivity11–13, which in 

turn constitute key ingredients for the design of efficient graphene-based nanoelectronic 

devices14. There exists, however, a scatter in the obtained Raman-related temperature 

coefficients, arising in part from the presence of supporting substrates under the graphene layers, 

which affect the intrinsic response of graphene due to e.g. the size mismatch (strain effects) 

induced by the different thermal expansion behavior3,15,16. Consequently, unraveling the intrinsic 

anharmonic phonon properties of free-standing graphene samples becomes a necessary and 

imperative task, in order to acquire the ‘real’ temperature effects in these important materials. 

 

Here we have conducted temperature-dependent Raman scattering experiments on graphene 

nanoplatelets (GNPs) with an average thickness of less than 4 nm, corresponding to almost 12 

graphene layers stacked on top of each other. As GNPs do not require any supporting substrate to 

facilitate experimental measurements, and can be viewed as an ‘intermediate’ between graphene 

and bulk graphite from a structural perspective17, GNPs offer the advantages of (a) extracting the 

intrinsic temperature response of the graphene layers and (b) serve as a ‘bridge’ between three-

dimensional graphite and two-dimensional graphene regarding the understanding of the 

anharmonic phonon processes. Moreover, by performing also high-pressure Raman 

investigations, we were able to model the temperature dependence of the Raman shift and width 

of the GNPs’ G-band1,4,6,18,19. Comparison between our results and literature data1,20–23 clearly 

reveals the important role of phonon-phonon interactions in controlling the thermal transport 

properties of these materials.  
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2. EXPERIMENTAL METHODS 

The graphene nanoplatelets with an average thickness of less than 4 nm, corresponding to 

approximately 12 graphene layers, were purchased commercially. The samples have been 

characterized by Field emission Scanning electron microscopy (FE-SEM), energy-dispersive X-

ray spectroscopy (EDS), Raman spectroscopy, and X-ray diffraction (XRD) at ambient 

conditions. 

 

The temperature-dependent Raman measurements at ambient pressure were conducted with a 

single-stage Raman spectrometer, coupled to a Charged-Coupled Device (CCD) and a green 

solid-state laser (λ = 532 nm). The laser beam was focused on the sample surface with a 20× 

objective lens, an incident laser power of ~ 1 mW, whereas the collection time of each spectrum 

was set to 3 accumulations of 60 seconds each. The spectrometer resolution with this 

configuration is estimated at 1 cm-1, considering the Rayleigh and laser plasma lines. The sample 

was placed inside a Linkam THMS600 stage, purged continuously with nitrogen gas. The 

thermocouple readout temperature has been corrected with an empirical formula, derived from 

the melting points of different salts and the freezing point of water24,25. 

  

The high-pressure Raman measurements at ambient temperature were conducted with the same 

Raman system. Pressure was generated with gasketed diamond anvil cells (DACs) equipped with 

low-fluorescence type II diamonds of 400 μm culet diameters. Rhenium gaskets were preindented 

to a 30 μm thickness, with holes of 150-200 μm diameters acting as sample chambers. The 

incident laser power measured outside the DAC was ~ 3 mW, whereas the collection time of each 

Raman spectrum in this series of experiments case was set to 5 accumulations of 120 seconds 

each. Helium served as a pressure transmitting medium (PTM), whereas the ruby fluorescence 

method was employed for pressure calibration26. 

 

 
3. RESULTS AND DISCUSSION 

A. Characterization of the graphene nanoplatelets 
 

In Fig. 1 we show the SEM images and EDS analysis of the commercially purchased GNPs. 

The results show that GNPs are in different shapes and sizes having a plate-like morphology. The 
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EDS analysis shows that these bulk GNPs samples are not totally pure however, contains 

impurities which are specifically rich in Fe and Cr.  

 
Figure 1. (A-C) Secondary electron images of the commercial graphene nanoplatelet samples, which 

exhibit varying particle shapes sizes and shapes. (D) Backscattered electron image showing the 
(D2) presence of few contaminants which are typically Fe- and Cr-rich nanoparticles.   
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Figure 2. (a) XRD pattern and (b) Raman spectrum of the synthetic GNPs at ambient conditions. 

 
In Fig. 2 we show the XRD pattern and Raman spectrum of the investigated GNPs at ambient 

conditions. Even though the graphite crystalline phase is the dominant one, we can observe the 

additional Bragg peaks arising from the metal impurities in the synthetic sample. With the help of 

the EDS results, we can assign these metal impurities to elemental Cr and Fe27. As for the 

dominant graphitic phase, the extracted structural parameters are: a = 2.4616(2) Å, c = 6.719(1) 

Å, the volume V = 35.26 Å3, and the axial ratio c/a = 2.73, very close to the respective structural 

parameters of bulk graphite28. 

 

On the other hand, the Raman spectrum of the GNPs comprises of three major (and one minor) 

bands at ambient conditions, consistent with the general consensus for graphitic systems29–31: the 
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most intense Raman feature at 1580 cm-1 corresponds to the G-band, a doubly degenerate Raman-

active vibration (E2g symmetry) assigned to the stretching motions of sp2-bonded carbon ions, 

whereas the three remaining Raman features at ~1350 cm-1 (D-band), its overtone at 2700 cm-1 

(2D-band), and the low-lying Raman feature at 1620 cm-1 (D′) originate from defects and/or 

disorder. Finally, the relatively weak intensity of the D-band compared to the G-band in the 

recorded GNPs Raman spectra indicates the good quality of the investigated samples29–32, 

consistent with our SEM and XRD observations. 

 

 
B. Temperature dependence of the G-band in GNPs 

 
In Fig. 3(a) we plot the measured Raman spectra of GNPs at various temperatures. We should 

point out here that since we were not able to detect the D and 2D features in our high-pressure 

Raman experiments due to the diamond anvils’ intense and overlapping Raman signals, we chose 

to investigate the effect of temperature and pressure on the GNPs’ G-band alone. We can observe 

that upon increasing temperature, the frequency of the G-band shifts to lower wavenumbers [Fig. 

3(b)], whereas its full width at half maximum (FWHM) displays a decrease (within error) in the 

investigated 100-700 K temperature range [Fig. 3(c)]. 
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Figure 3. (a) Selected Raman spectra of GNPs at various temperatures within the 1270-1720 cm-1 

frequency region of interest (λ = 532 nm, P = 1 bar). Asterisks mark laser plasma lines. The 
spectra have been scaled with respect to the intense G-band. Dependence of the (b) Raman mode 
frequency and (c) full width at half maximum (FWHM) of the G-band against temperature. The 
spectrometer width contribution of 1 cm-1 has been substracted from the FWHM data. Solid lines 
passing through the measured data correspond to polynomial fittings.  

 
 

The isobaric Raman mode frequency evolution of the G-band as a function of temperature can 

be fitted to the following polynomial expression: 

 

𝜔𝜔𝑖𝑖
𝑃𝑃(𝑇𝑇) = 𝜔𝜔𝑖𝑖0

𝑃𝑃 + �𝜕𝜕𝜔𝜔𝑖𝑖
𝜕𝜕𝜕𝜕
�
𝑃𝑃
∆𝑇𝑇 + �𝜕𝜕

2𝜔𝜔𝑖𝑖
𝜕𝜕𝜕𝜕2

�
𝑃𝑃
∆𝑇𝑇2     (1) 

 
where ωi0P the (extrapolated) mode frequency at zero temperature and ambient pressure, ΔT the 

temperature difference, (∂ωi/∂T)P and (∂2ωi/∂T2)P the first- and second-order temperature 

coefficient. The respective fitting yields: ωi0P = 1581.4(2) cm-1, (∂ωi/∂T)P = -4.8(1)•10-4 cm-1/K, 

and (∂2ωi/∂T2)P = -2.4(3)•10-5  cm-1/K2 [Fig. 3(b) & Table 1].  
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Table 1. Raman-related temperature coefficients for the G-band of various pristine carbon-based 
materials. N/A: Not Available.  

 
Carbon samples ω i0

P (∂ω/∂T)P (∂2ω/∂T2)P Γ i0
P (∂Γ/∂T)P Temperature 

(pristine) (cm-1) (cm-1/K) (cm-1/K2) (cm-1) (cm-1/K) Range 
GNPs 1581.4(2) -4.8(1)•10-4 -2.4(3)•10-5   19.0(5) 0.004(1) 100-680 K 
Graphite33 N/A -0.011 N/A 12 N/A 286-647 K 
Graphite23 1583.5 -0.013a N/A 12 N/A 4-1000 K 
Graphene (single-layer)3 1584 -0.016 N/A N/A N/A 83-373 K 
Graphene (single-layer)15 N/A -0.016 N/A N/A ~0 77-573 K 
Graphene (bilayer)3 1582 -0.015 N/A N/A N/A 113-373 K 
Graphene (six-layer)15 N/A -0.014 N/A N/A -0.022 77-573 K 
Graphene (multilayer)34 ~1586 -0.015 N/A N/A N/A 78-573 K 
Graphene sheets22 1582 -0.020 N/A ~17.5 N/A 79-773 K 
Diamond35  1333.5  -0.012  N/A  0.416  0.004  300-1900 K 

aThe (∂ω/∂T)P value varies in different temperature ranges as follows: (∂ω/∂T)P = -0.013 for 80-300 K, 
(∂ω/∂T)P = -0.017 for 300-500 K, (∂ω/∂T)P = -0.020 for 500-700 K, and (∂ω/∂T)P = -0.026 for 700-900 
K. 
 

In a similar fashion, the width of the G-band against temperature can be fitted also with a 

polynomial function [Fig. 3(c)]: 

 
𝛤𝛤𝑖𝑖(𝑇𝑇) = 𝛤𝛤𝑖𝑖0𝑃𝑃 + �𝜕𝜕𝛤𝛤𝑖𝑖

𝜕𝜕𝜕𝜕
�
𝑃𝑃
∆𝑇𝑇      (2) 

 
with Γi0P the (extrapolated) width at zero temperature and ambient pressure, ΔT the temperature 

difference, and (∂Γi/∂T)P the first-order temperature coefficients. The respective fitting yields: 

Γi0P = 19.0(5) cm-1 and  (∂Γi/∂T)P = 0.004(1) cm-1/K. Our results are tabulated alongside 

literature data on graphite and graphene samples in Table 1. An interesting point here is that the 

width of the G-band exhibits a (moderate) broadening upon increasing temperature within the 

100-700 K temperature range, unlike bulk graphite1,21,23, yet in line with experimental 

measurements on graphene nanosheets22 and theoretical predictions on single-layer graphene20. 

According to the available models1,20, the temperature dependence of the G-band width is 

controlled by electron-phonon and phonon-phonon scattering processes. The two terms exhibit 

opposite behavior with temperature, i.e. the electron-phonon scattering term decreases and the 

phonon-phonon interaction term increases with increasing temperature. Hence, the GNPs’ G-

band width broadening observed here indicates the prevailance of the (anharmonic) phonon-
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phonon interactions in the G-band width with increasing temperature. We will return to this point 

later below. 

 

C. Raman spectra of G-band under pressure 
 
Regarding the effect of pressure on the G-band of GNPs, in Fig. 4(a) we show selected Raman 

spectra of the graphene nanoplatelets in the vicinity of the G-band at various pressures up to ~10 

GPa. The G-band mode frequency  displays a normal behavior upon compression, i.e. it exhibits 

a positive pressure dependence [Fig. 4(b)], whereas its FWHM is almost insensitive within the 

examined pressure range, consistent with previous results on GNPs36 and bulk graphite37,38. 
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Figure 4. (a) Selected Raman spectra of the G-band of graphene nanoplatelets at various pressures (λ = 
532 nm, T = 300 K). Asterisks mark laser plasma lines. The spectra have been normalized with 
respect to the intense G-band, with the intense DAC diamond-induced Raman background 
subtracted. Dependence of the (b) Raman mode frequency and (c) full width at half maximum 
(FWHM) of the G-band against pressure. The spectrometer width contribution of 1 cm-1 has been 
substracted from the FWHM data. Solid lines passing through the measured data correspond to 
polynomial fittings.  
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We note here that at higher pressures, the G-band undergoes an abrupt pressure-induced 

broadening (not shown). Interestingly, previous high-pressure Raman experiments on GNPs 

observed the same effect between 10-15 GPa (depending on the GNPs thickness)36 and assigned 

it to a pressure-induced sp2-sp3 transition36, similar to bulk graphite37–42. A more detailed 

discussion of this effect lies beyond the scope of the present paper.  

 

Turning now to the analysis of the measured Raman data, the Raman mode frequency evolution 

as a function of pressure can be modelled with the following linear expression: 

 
𝜔𝜔𝑖𝑖
𝜕𝜕(𝑃𝑃) = 𝜔𝜔𝑖𝑖0

𝜕𝜕 + �𝜕𝜕𝜔𝜔𝑖𝑖
𝜕𝜕𝑃𝑃
�
𝜕𝜕
∆𝑃𝑃     (3) 

 
where ωi0T the mode frequency at ambient conditions, ΔP the pressure difference, and (∂ωi/∂P)T 

the first-order pressure coefficient. From our data, we obtain: ωi0T = 1580.3(1) cm-1 and 

(∂ωi/∂T)T = 3.96(3) cm-1/GPa. We can additionally calculate the respective isothermal mode 

Grüneisen parameter γiT: 

 
𝛾𝛾𝑖𝑖𝜕𝜕 = 𝐵𝐵0

𝜔𝜔𝑖𝑖0
𝑇𝑇 �

𝜕𝜕𝜔𝜔𝑖𝑖
𝜕𝜕𝑃𝑃
�
𝜕𝜕
      (4) 

 
where B0 the bulk modulus at ambient conditions. Given that by increasing the number of 

graphene layers composing the (layered) carbon material to more than ~10, graphene samples 

tend to ‘resemble’ graphite in terms of elastic and vibrational properties13,20,31,43–45, we can then 

reasonably use the graphite bulk modulus value B0 = 33.8 GPa38 in order to get the G-band 

Grüneisen parameter γiT = 0.08(1) (the GNPs studied here are composed of ca. 12 layers on 

average). We should note here that due to the anisotropic nature of graphite-based materials in 

terms of compressibility, with the c-axis being almost one order of magnitude more compressible 

than the a-axis38,40,46–49, it is preferable to define Grüneisen parameters for the in-plane and out-

of-plane vibrational modes separately in these systems38,50,51. In the case of the in-plane E2g G-

band, the respective Grüneisen parameter γG can be derived from38,52:  

𝜔𝜔𝑖𝑖
𝑇𝑇(𝑃𝑃)
𝜔𝜔𝑖𝑖0
𝑇𝑇  = �𝑟𝑟

𝑇𝑇(𝑃𝑃)
𝑟𝑟0𝑇𝑇

�
−3𝛾𝛾𝐺𝐺

  (5) 

where rT(P) and r0T are the hexagonal a-axis values at varying and ambient pressure (and ambient 

temperature), respectively. Assuming the graphite a-axis values within the 0-10 GPa pressure 

range38, we calculate  γG = 1.05, in very good agreement with the respective G-band Grüneisen 
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parameters for graphite38,39,53. Such agreement is to be expected, nevertheless, as high-pressure 

investigations on graphene samples composed of three layers and more (our GNPs are composed 

of 12 layers on average) have shown that the pressure-induced G-band frequency shifts are 

identical to that of graphite51. On the other hand, the respective G-band pressure slopes and γG 

values of (single- or double-layered) graphene depend heavily on the choice of the underlying 

substrate supporting the samples54,55. Since high-pressure measurements on GNPs and graphite 

do not necessitate the use of substrates, a direct comparison between the vibrational properties of 

graphene, GNPs, and bulk grahite under compression should be performed with caution.   

 

Having acquired this information at hand from the temperature- and pressure-dependent Raman 

spectroscopic experments, we can now evaluate the mode-specific phonon anharmonicity of the 

GNPs’ G-band. 

 

D. Modeling of the G-band anharmonicity in GNPs 
 
The shift of a Raman-active mode with varying temperature is generally attributed to thermal 

expansion (volumetric) and anharmonic effects, and can be approximated by the following 

equation4,18: 

 
∆𝜔𝜔(𝑇𝑇) = 𝜔𝜔𝑖𝑖(𝑇𝑇) − 𝜔𝜔0 = ∆𝜔𝜔𝐸𝐸(𝑇𝑇) + ∆𝜔𝜔𝐴𝐴(𝑇𝑇)      (6) 

 
where ω0 represents the harmonic mode frequency at 0 K (here we use the extrapolated value ω0 

= ωi0P = 1581.4(2) cm-1 from eq. 1), the ΔωE(T) component stands for the volumetric thermal 

expansion contribution (implicit term), and the ΔωA(T) term describes the anharmonic phonon-

phonon interactions (explicit term) to the mode-specific temperature dependence. The ΔωE(T) 

component for the G-band equals to6,18,19,22,23: 

 
∆𝜔𝜔𝐸𝐸(𝑇𝑇) = 𝜔𝜔0 �𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑛𝑛 ∫ 𝛾𝛾𝐺𝐺𝛼𝛼𝛼𝛼(𝑇𝑇′)𝑑𝑑𝑇𝑇′𝜕𝜕

0 � − 1�      (7) 
 
where n denotes the degeneracy of the Raman-active vibration (n = 2 for the G-band with E2g 

mode symmetry examined here) and αα(T) the linear thermal expansion coefficient along the in-

plane hexagonal a-axis. Assuming that (a) the isothermal Grüneisen parameter γG is temperature 

independent and (b) the thermal expansion coefficient αa(T) of GNPs is identical to that of bulk 
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graphite56–60, we extract the volumetric /implicit part (CTE) of the G-band frequency shift with 

temperature [cyan line in Fig. 5(a)]. 

 

On the other hand, the anharmonic ΔωA(T) term can be expressed by the following equation18: 

 
∆𝜔𝜔𝐴𝐴(𝑇𝑇) = 𝐴𝐴 �1 + 2

𝑒𝑒𝑥𝑥−1
� + 𝐵𝐵 �1 + 3

𝑒𝑒𝑦𝑦−1
+ 3

(𝑒𝑒𝑦𝑦−1)2
�      (8) 

 
with x = ħω0/2kBT, y = ħω0/3kBT, ħ the reduced Planck's constant, kB Boltzmann's constant, and 

the A and B stand for anharmonic constants acting as fitting parameters. The magnitudes of the A 

and B constants indicate the strength of the three-(cubic) and four-phonon (quartic) processes, 

respectively, i.e. the decay of one optical Γ phonon into two or three phonons at different points 

of the Brillouin zone, by obeying energy and momentum conservation61. The respective fitted 

three-phonon (3-ph.) and four-phonon (4-ph.) anharmonic contributions to the GNPs’ G-band 

frequency shift with temperature are shown in Fig. 5(a). We can readily observe that both the 

CTE and 3-ph. contributions exhibit positive values with increasing temperature [Fig. 5(a)], in 

excellent agreement with previous observations for graphite samples1,21,23. On the contrary, the 4-

ph. term decreases with increasing temperature, and it becomes obvious that is the dominant 

mechanism in dictating the temperature dependence of the G-band frequency shift in GNPs, 

similar to bulk graphite1,21,23 and graphene1,20. The fitted parameters are listed in Table 2 

alongside relevant literature values. 

 

Comparison with the available literature data reveals some interesting traits. In particular, the 

values of the A and B parameters for the cubic and quartic phonon decay processes in GNPs are 

comparable (Table 2), whereas the strength of the cubic decay term is almost two orders of 

magnitude larger than the respective quartic decay channel in graphite and graphene1,21,53. The 

exact reasons cannot be identified at this stage, and warrant further investigation. In addition, the 

A and B parameters in our case exhibit opposite signs, implying that the 3-phonon and 4-phonon 

processes in GNPs contributing to the temperature dependence of the G-band frequency shift 

involve different conversion procedures62. More precisely, the positive A value of the 3-phonon 

process (Table 2) can be translated into an asymmetric up-conversion channel, where the E2g /G-

band mode at the center of the Brillouin zone (Γ-point) will decay into a higher frequency 

(optical) and a lower frequency (acoustical) phonon with opposite momenta. Considering the 
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maxima of the graphite and graphene phonon density of states (PDOS)1,21,63, one such possible 

up-conversion channel is: E2g (Γ, 1581 cm-1) → LO (Γ-Κ, 1600 cm-1) ─ ZA (Γ-Κ, 20 cm-1). 

 

In a similar fashion, the negative B value for the 4-phonon quartic process (Table 2) must be 

related mainly to down-conversion decay channels, i.e. the decay of the G-band into three lower 

energy phonons such as: E2g (Γ, 1581 cm-1) → ZO (Γ, 800 cm-1) + ZA (Γ-Κ, 400 cm-1) + ZA (Γ-

Κ, 400 cm-1)1,21,63. A more detailed discussion, however, would require an accurate measurement 

of the GNPs’ PDOS in combination with ab initio calculations, extending beyond the scope of 

the present paper. 

 

Table 2. Fitting parameters derived from reproducing the Raman-active G-band frequency and 
width shift as a function of temperature in GNPs, according to eqs. 6-11. Literature data 
are also listed for comparison. N/A: Not Available.  

 

Carbon samples ω0 A B Γ(0) Γ0 
ΓEPC 
(0) C D 

(pristine) (cm-1) (cm-1) (cm-1) (cm-1) (cm-1) (cm-1) (cm-1) (cm-1) 
GNPs 1581.4(2) 8.3(3) -9.3(1) 19 2.1a 12 3.1 1.8 

Graphite23 1583.5 N/A N/A 11.88 0a 10.3 0.84 0.74 
Graphite53 1602 -19.37 -0.237 15.84 3.84b 9.8 1.31 0.89 
Graphite1,21 1583 -14.1 1.3 11.5a N/A 11.01 N/A N/A 

Graphene (single-layer)1 N/A -14.02 3.03 N/A N/A N/A N/A N/A 
Graphene sheets22 1582 -1 -6 ~17.5a N/A 9 7 1.5 

aThe width contribution due to the finite resolution of the spectrometer has been substracted. 
bAttributed to the finite resolution of the spectrometer. 

 

We turn now to the width Γ of the G-band as a function of temperature. Generally, the 

broadening of the G-band (or lifetime of the respective phonon) can be accounted for by two 

physical processes1,19: 

 
𝛤𝛤(𝑇𝑇) = 𝛤𝛤0 + 𝛤𝛤𝐸𝐸𝑃𝑃𝐸𝐸(𝑇𝑇) + 𝛤𝛤𝑎𝑎𝑎𝑎(𝑇𝑇)      (9) 

 
where the temperature-independent Γ0 term stands for the width contribution due to the finite 

spectrometer resolution and/or other scattering mechanisms such as crystalline defects and 

impurities present in real samples64, and ΓEPC and Γan denoting the contributions from the 

electron-phonon coupling (EPC, decay of the phonon into a hole-electron pair) and the 
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anharmonic phonon-phonon interactions (phonon-phonon scattering), respectively. The ΓEPC term 

for the graphite- and graphene systems can be approximated by1: 

 

𝛤𝛤𝐸𝐸𝑃𝑃𝐸𝐸(𝑇𝑇) = 𝛤𝛤𝐸𝐸𝑃𝑃𝐸𝐸(0) � 1

𝑒𝑒
− ħ𝜔𝜔0
2𝑘𝑘𝐵𝐵𝑇𝑇+1

− 1

𝑒𝑒
ħ𝜔𝜔0
2𝑘𝑘𝐵𝐵𝑇𝑇+1

�      (10) 

 
whereas the anharmonic Γan part can be expressed as1,4,18,19: 

 
𝛤𝛤𝑎𝑎𝑎𝑎(𝑇𝑇) = 𝐶𝐶 �1 + 2

𝑒𝑒𝑥𝑥−1
� + 𝐷𝐷 �1 + 3

𝑒𝑒𝑦𝑦−1
+ 3

(𝑒𝑒𝑦𝑦−1)2
�      (11) 

 
with x = ħω0/2kBT, y = ħω0/3kBT, and the C and D stand acting as fitting parameters for the 

three- and four-phonon decay processes. The respective fittings are shown in Fig. 5(b), with the 

calculated parameters listed in Table 2.  

 

We can readily observe that the most important contribution in the G-band width comes from 

the EPC term, consistent with previous observations in similar carbon systems1,20–23. We should 

mention here that the latter decreases with increasing temperature, since this EPC term can be 

considered proportional to the difference between the occupation of the electronic states below 

and above the Fermi energy EF; as temperature increases, the occupation of filled states below EF 

decreases, while the empty states above EF become more occupied, resulting in the observed 

decrease of the EPC factor with temperature1,2. On the other hand, the anharmonic phonon-

phonon scattering term Γan will always increase with increasing temperature65,66, with the cubic 3-

ph. and the quartic 4-ph. terms exhibiting linear (T) and T2 temperature dependences, 

respectively. Contrary to pristine graphite, however, the width of the GNPs’ G-band exhibits a 

(moderate) increase with increasing temperature, thus resembling more the behavior of graphene 

in that aspect20,22. Consequently, this temperature-induced broadening of the G-band denotes the 

underlying importance of the anharmonic phonon-phonon interactions in determining the 

lifetime, as well as the frequency of the in-plane E2g carbon-stretching vibration in these systems. 

Finally, we should point out that the finite value of Γ0 = 2.1 cm-1 found in the current work 

(Table 2) corresponds to scattering processes due to the presence of the Fe- and Cr-rich 

impurities present n the investigated GNPs (Figs. 1 & 2). 
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Figure 5. (a) Frequency shift and (b) width of the GNPs’ G-band as a function of temperature. The 

experimental data are drawn as solid symbols, and the red solid lines correspond to total fittings 
according to eqs. 6-11. The various contributions are drawn separately as dashed lines. The fitting 
parameters are listed in Table 2.  

 

 

 
4. CONCLUSIONS 

In summary, we have investigated the effect of temperature and pressure on the Raman-active 

G-band of graphene nanoplatelets. Measuring the temperature- and pressure-induced Raman 

mode frequency and width shift allowed us to extract the individual contributions to the G-band, 

i.e. the volumetric (thermal expansion) and anharmonic (phonon-phonon interactions) terms 

responsible for the Raman shift with temperature, and the electron-phonon coupling and 

anharmonic contributions controlling the width/lifetime of the G-band as a function of 
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temperature. Comparison with relevant systems indicates the significant role of the anharmonic 

effects for understanding the G-band physical processes in carbon-based systems. 
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