Anharmonicity of graphite from UV Raman spectroscopy to 2700 K
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Abstract

First-order Raman spectra of pyrolytic graphite (PG) and highly oriented pyrolytic graphite (HOPG) were recorded
in situ up to 2670 K and 2491 K, respectively, using a development of wire-loop heating cell technique attached to a
UV-Raman spectrometer (244 nm). Raman shift of the Eo4 in-plane stretching mode of graphite (G band) is used to
discuss the anharmonicity by a comparison with calculations in the density-functional theory (DFT). High temperature
Raman shifts are well described by anharmonic DFT calculations [1] up to 900 K. Anharmonicity is also determined from
the temperature dependence of the Raman linewidth. The quartic term of phonon-phonon scattering process dominates
at high temperature with respect to electron-phonon coupling that causes a slight decrease of linewidth with increasing
temperature below 1000 K. The G band position is determined with a good reproducibility to 2700 K and can be used as
a thermometer for in situ studies. Deep UV-Raman proves a viable solution for expanding significantly the temperature
range for studying in situ vibrational properties of condensed matter, and particularly the monitoring of carbon-based

material processing.

1. Introduction

Graphite is the stable allotrope of carbon formed by
the stacking of covalent sp? layers (the so-called graphene
monolayers). It has a vast number of technological applica-
tions and is a common mineral in rocks where its Raman
spectroscopic features are used to retrieve its formation
temperature [2]. In spite of the fundamental interest of
this elemental compound, little data exist on the vibra-
tional spectrum of graphite at high temperature [3, 4, 5].
Graphite has a high temperature melting point (> 4000 K
[6]), and vaporizes quickly in the 2500-3000 K range at am-
bient pressure but its vibrational properties are unknown
above 900 K. We studied graphite up to 2700 K using
developments of a high-temperature cell and UV Raman
spectrometry.

Graphite has a simple first-order Raman spectrum and
provides a test material for performing in situ Raman
spectroscopic studies at very high temperatures correspond-
ing to the conditions of elaboration or thermal treatment of
many refractory materials. The high temperature limit of
Raman spectroscopy is fixed by thermal emission of sam-
ple and furnace [7, 8]. According to Planck’s equation,
the light emitted by a black-body above 1000 K produces
an intense background on Raman spectra collected in the
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visible range. In practice, the Raman signal of a sample
heated to about 2000 K is completely hidden whatever
its emissivity when excitation in the visible range is used
[7, 8, 9]. In order to decrease the effect of thermal emis-
sion on Raman measurements, pulsed laser (532 nm) and
an optical gating system was used [10, 11] that allowed
recording Raman spectra up to 2300 K on hexagonal boron
nitride. An alternative to decreasing the photoemission
background at higher temperatures is to shift the Raman
measurements in UV domain. At 244 nm (5.08 eV), the ra-
diance of a black-body heated to 2600 K is similar to that
at 1500 K at 514 nm (2.41 eV) as shown on figure 1. Thus
UV Raman spectroscopy is expected to allow analyzing
samples in situ under very high temperature. This basic
idea [12] was tested using a UV argon-ion laser radiation
(363.8 nm) on zirconia ceramics up to 1800 K and haf-
nia ceramics up to 2085 K [13, 14]. Zouboulis et al. [15]
performed measurements at even lower wavelength with
a quadrupled YAG:Nd?* laser (266 nm) with sapphire as
sample up to 1700 K. In these studies the thermal emission
was rejected efficiently but the maximum temperature of
Raman measurements was not significantly increased with
respect to classical Raman spectroscopy using 488 nm vis-
ible wavelength on feldspars melts [8] up to 2000 K and on
SiO, [7, 9] (Fig. 1).

In this work, we present Raman spectra of pyrolytic

graphite (PG) and highly oriented pyrolytic graphite (HOPG)

up to 2700 K using 244 nm excitation wavelength. Sur-
prisingly, those allotropic forms of carbon have never been
studied with Raman spectroscopy at very high temper-
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Figure 1: Spectral radiance of the black-body radiation emitted for
several temperatures (from 1000 K to 3500 K) as a function of wave-
length according to the Planck’s law. Filled squares indicate exper-
imental conditions of in situ Raman spectroscopic studies at high
temperature: 1 Simon et al. [11] 2 Exarhos and Schaaf [10] 3 McMil-
lan et al. [7] and Daniel et al. [8] 4 Kalampounias et al. [9] 5 Yashima
et al. [13] 6 Fujimori et al. [14] 7 Zouboulis et al. [15] 8 This work.

ature. Tan et al. [4] reported anomalous Raman phe-
nomenon related to the wavelength excitation on HOPG
and the temperature effect of the laser power on the spec-
tra up to 647 K. Temperature evolution of infrared- and
Raman-active phonons in graphite was measured in the
range 293-523 K by Giura et al. [5]. Here, we have fol-
lowed the 244 nm first-order Raman spectrum of PG and
HOPG confined in a new wire-loop heating stage coupled
to the Raman apparatus. Comparison of the predicted
and measured shifts and linewidth is used to discuss an-
harmonicity of the G mode of graphite.

2. Methodology

2.1. The high temperature cell

A prototype was designed to heat samples up to 3200
K and perform UV Raman measurements. It was inspired
from a wire-loop heating stage design [16], where the fur-
nace is a filament heated by Joule effect. Alloy of PtglIr;,
can be used as a wire up to 2000 K (near its melting point).
Higher temperatures are achieved with Ir or Re wire [17].
Re has better mechanical properties and a higher melting
point than Ir (3450 vs 2700 K respectively). A 50 mm
length, 0.5 mm of diameter wire is pressed in its middle
down to a 250 pm thickness over a length of 2 mm. The
sample is as rectangular piece of 300 - 400 pm, packed
in a hole of 400 pum drilled in the flat surface shaped in
the middle of the rod. Excepted for Pt, PGE (platinum
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Figure 2: Sectional view of the wire-loop heating stage. The zoom is
a picture of the heating rhenium wire with the sample confined in a
400 pm of diameter hole. Pyrometric and UV Raman measurements
are performed alternatively through the sapphire window. Black-
body radiation can be recorded simultaneously in the 400-1200 nm
range through the silica glass window at the bottom of the cell.

group elements) rods are very hard and difficult to shape.
Re wires are annealed at high temperature (=~ 2000 K)
prior to flattening. Since electrical conductivity is affected
by cycling at high temperature, the relationship between
temperature and electrical power input to the wire must
be regularly recalibrated [18]. As an alternative of this
furnace, we also used a 50 mm length PG rod with a di-
ameter of 1 mm. Electrical connectors at the extremities
of the wire are plugged to a 10 V, 75 A power supply from
Nemic Lambda™. The wire is fixed to a connector and can
slide in the other while keeping electric contact to allow
for dilatation during heating. The heating stage can reach
2200 K with PG wire and 3200 K with Re wire. Different
diameters from 0.5 to 2 mm of both material have been
tested for a fixed wire length. The dimensions used are a
compromise between fragility and electrical resistance sup-
ported by the supply to reach the maximum temperature.
The cell walls are cooled by a water flow in order to main-
tain the isolated electric connectors crossing the walls at a
reasonable temperature. A reducing mixture of argon and
2.4 % hydrogen (Arcal™ 10) is flown in the cell at the rate
of 11/min to avoid oxidation and combustion of the heated
elements. Spectroscopic and pyrometric measurements are
performed through a UV quality sapphire cleaved perpen-
dicular to the c axis. Dimensions of this window, 0.45 mm
thick and 25 mm in diameter, allow alternating quickly
from temperature measurement with a pyrometer (placed
at an angle of 30°) to Raman measurement with a vertical
microscope entrance to the spectrometer. Optical trans-
mittance of the sapphire window is around 80 % at 244
nm wavelength. Finally, visible-range of the black-body
radiation was collected through a thin silica glass window
placed at the bottom of the cell (Fig. 2).

2.2. Temperature measurement

The use of thermocouples is impossible in the wire-loop
setup, and external calibrations are of limited use because
of oxidation or aging of the wire [18]. Thus non-contact
methods of temperature measurements have to be used.



The intensity ratio of the Stokes and Anti-Stokes lines
cannot be used because it is impossible to record the anti-
Stokes region with the edge filter used in our UV Raman
apparatus. Variation of the emissivity of the sample and
the importance of temperature gradients between furnace
and sample lead us to use spectrometric methods to deter-
mine the temperature. A Keller MSR™ two-colour pyrom-
eter with a telephoto lens (100 mm working distance) was
focused on the sample. Its field of view gives a target di-
ameter of &~ 400 pm. It operates in the range 1123 K-3273
K. The measurements were verified for two melting points,
Ag and Mg,SiO, forsterite, at 1235 K and 2163 K respec-
tively with an accuracy of £5 degrees. For each tempera-
ture measurement performed with the pyrometer, thermal
emission was recorded with a visible-range spectrometer
from 400 nm to 1200 nm through the silica window at the
bottom of the cell. The system response was calibrated
with the sample spectrum at 1235 K (the melting point of
Ag). Spectra have been treated with the program ”Shades
of Gray” [19]. Parts of the emission spectra recorded from
400 to 1200 nm, are fitted with three methods, accord-
ing to the Planck’s distribution, the Wien’s approxima-
tion and a sliding two colour pyrometry. We found a good
agreement between pyrometric measurement and fits to
emission spectra (Fig. 3) with an average deviation of less
than 3% whatever the method used. From room temper-
ature to 873 K, UV Raman measurements have also been
performed in a Linkam™ heating cell where temperature is
measured by a thermocouple. We substituted the window
of this heating cell by a UV quality sapphire window. Ra-
man measurement at 514 and 244 nm have been compared.
Shifts of Raman peaks with temperature is independent on
wavelength, demonstrating the absence of significant heat-
ing effects of the lasers.

2.3. UV and visible Raman apparatus

We used two Horiba Jobin-Yvon LabRam HR800™ Ra-
man micro-spectrometers. Below 1200 K, measurements
have been performed with both 514.5 nm and 244 nm ex-
citation wavelength. For higher temperatures, only the
244 nm wavelength was used. The edge filter used in
the UV device cuts the signal below 300 cm ™', preclud-
ing the study of the lowest frequency Raman mode of
graphite. The UV light source is composed of an argon
ion laser tuned blue (488 nm) and frequency doubled by a
BBO crystal in an external cavity (Spectra Physics Wave-
train™).

With UV excitation, the damage of the sample can oc-
cur, especially when it contains organic molecules [20, 21].
The power of the laser beam was kept below 800 W on
PG or HOPG and exposure time below 240 seconds for
longest acquisitions at high temperature. In these condi-
tions, no transformation of the Raman spectra was noted
during laser exposition of the sample. This is not the case
for laser power above 1 mW and/or exposure time longer
than 300 seconds. Damage was visible on the sample sur-
face and the G band decreased in intensity, increased in
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Figure 3: Comparison of temperature fits of thermal emission spectra
with pyrometric measurements. The solid line is the 1:1 correlation.
The errors for Planck and Wien fits are within the symbol size (O and
(). The dot dashed lines indicate 5% deviation from pyrometry
temperature.

width, and became asymmetric. This illustrates a thresh-
old effect of the laser power and time exposure.

Given that 244 nm is not a usual wavelength in mi-
croscopy, we used a specially designed Mitutoyo™ objective
with 11 mm long working distance and 80% transmission
both at 244 nm and in the visible domain. The laser spot
focused on the sample is about 3um in diameter. Thus
the Raman signal is only collected from the sample with-
out contribution from the furnace. Above 1200 K, the
intense visible light emitted by the sample and the wire
penetrates through the slit into the spectrometer. Even if
this light is not diffracted by the grating and not focused,
it generates background with a step shape on the spec-
trum. A UV bandpass interference filter centered on 253
nm was used to reject the visible radiation. With 10 nm of
full width at half maximum (FWHM), the transmission of
this filter can be considered as constant (= 15%) all along
the range of the first-order Raman band shift of graphite
with temperature.

2.4. First-principles phonon calculations

We computed the position of the Raman and infrared
peaks of graphite using first-principles calculations based
on the density-functional (DFT) [22] and density-functional
perturbation theories (DFPT) [23, 24, 25] in the ABINIT

implementation [26, 27] with plane-waves and norm-conserving

pseudo-potentials [28, 29]. We employed a kinetic-energy
cut-off of 40 Ha (1 Ha = 27.2116 eV) and a 8x8x4 grid of
high-symmetry special k points [30].
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Figure 4: Contour plot of the frequency of the E2y Raman active
mode as a function of lattice parameters. All calculations are static;
lattice parameters range cover experimental values up to 3000 K
(grey dots).

While our grid of k points is rather smaller than others
used in previous studies (e.g. in Mounet and Marzari [31],
where the thermodynamic parameters are computed from
the lattice dynamical calculations and the quasi-harmonic
approximation), our phonon frequencies are in good agree-
ment with experimental measurements. In order to com-
pute the Raman tensors, a fixed electronic occupation of 2
electrons/band was used. The grid of k points was shifted
so that the gap is always non-zero in the calculations.

We performed the calculations at several unit cell pa-
rameters a (in-plane) and ¢ (out of plane) such as to cover
all the possible values spanned by the increase in temper-
ature (Fig. 4). All calculations are static, i.e. at absolute
null temperature. The intensity of the first-order Raman
peaks is obtained computing the Raman tensors in DFPT
[32, 33]; the procedure is described in detail elsewhere [34].

3. Results and discussion

3.1. Raman spectra of PG and HOPG

According to group theory, the 12 phonon modes in the
Brillouin zone center decompose as 2As,, ® 2B, ® 2E;, ®
2E34. The acoustic modes are Ay, and Eq,. Only the Es,
modes are Raman active. The results of the phonon cal-
culations performed at static conditions and experimental
unit cell volume are summarized in Table 1. The first the-
oretical Eo;, Raman active mode is at 42 cm~! and out
of the present experimental range, the second Es, mode

Label TO frequency LO frequency  Raman
(em™1) (em™1) intensity
Eag 42 42 40%
Bag 89 89
Bag 902 902
Agy 906 906
Eqy 1603 1603 100%
E14 1616 1616

Table 1: Computed phonon frequencies

is at 1603 cm~!. The measured first order Raman spec-
trum of well ordered defect free samples shows a single
line at 1582 cm~! named G band and related to an in-
plane phonon with symmetry Eg, [35]. The difference in
peak position between experiment and theory is mainly
due to the harmonic approximation that neglects high-
order terms in the perturbation expansion of the lattice
energy in DFPT [23, 24, 25].

The graphite furnace used in the heating cell is a py-
rolytic graphite (PG) rod. It is the result of compacted
isotropic ultra-fine grained pure PG. The 514.5 nm Ra-
man spectra present defect bands D and D’ respectively at
1355 cm ! and 1620 cm™!. The frequencies of these bands
change with changing laser wavelength [36] and I(D)/I(G)
intensity ratio is dispersive [37, 38]. D and D’ bands are
not observed in the 244 nm UV-Raman spectrum. In con-
trast the G band corresponding to sp? bond stretching is
strong.

The highly oriented pyrolytic graphite (HOPG) is grown
with an almost perfect alignment perpendicular to the car-
bon plane. Along the in-plane directions, the crystallites
are small and randomly oriented. D and D’ bands are
observed in the Raman spectrum of HOPG edge planes
excited with 514.5 nm excitation [39], but not with 244
nm excitation.

Representative first-order Raman spectra are plotted
on figure 5 for different temperatures with visible and UV
excitation. This illustrates the advantage of UV Raman
scattering with respect to the visible range excitation. The
absence of background on spectra up to 2300 K allows eas-
ily following the G band. The peak position and shape was
fitted with a Lorentzian shape. A linear background cor-
rection was applied up to 2300 K. Above this temperature,
we subtracted to the signal the thermal emission spectrum
collected on the sample without laser excitation [8].

8.2. Anharmonicity of the G band

The Raman shift of G band of PG and HOPG has
been recorded as a function of temperature from 295 K
to 2670 K and 2490 K, respectively (Fig. 6). Kagi et al.
[3] have reported on PG a down-shift of 12 cm™! when
temperature increased from 400 K to 890 K, and Tan et al.
[4] have reported a Raman shift of the G band of HOPG
of 1578 cm™! at 648 K, both consistent with our data.
On HOPG, we observe a phonon frequency shift similar to
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Figure 5: Representative first-order Raman spectra (uncorrected) of
HOPG illustrating the advantage of the UV Raman scattering for
extending the temperature range of measurements to 2500 K. Basal
and edge orientations present different Raman spectra only with vis-
ible excitation. Defects on CCD detector are visible in spectra with
strong background intensity ().

PG up to 1250 K. Above this temperature, there is a slight
down-shift of PG with respect to HOPG in the range 1500-
2500 K. This may be attributed to shorter crystal planar
domain size in PG than HOPG. Our estimation of the
temperature dependence of the G band is -0.02 cm™!/K
for temperatures below 800 K, in the average of the values
encountered for different carbonaceous materials [40].

The frequency change with temperature at constant
pressure arises from contributions of a quasiharmonic term
(noted gh) associated with volume expansion with temper-
ature, and from a volume independent or intrinsic anhar-
monic effect:

Olnv B Olnv n Olnv olnV (1)
oT P_ ar /), oV ), \ or ),

=a—(a- ’Y)qh- (2)

where v = —(0lnv/0InV), is the Griineisen parame-
ter, « = (0InV/OT)p the thermal expansion and a =
(0lnv/0T),, the intrinsic anharmonic parameter.

The quasi-harmonic shift of Raman mode E,, assigned
to G band was obtained from the present first-principles
calculations. The Ey; mode is an in-plane stretching mode
whose frequency depends both on absolute volume but also
on variations of the c¢/a lattice parameter ratio. Frequen-
cies calculated from a set of a and ¢ values covering the
whole range of measured values up to 3000 K by Morgan
[41] were fitted with second-order polynomial expressions
for interpolation (Fig. 4). Interpolated values were cal-

culated for the experimental volumes [41] to obtain the
quasiharmonic temperature variation (Fig. 6). The theo-
retical gh. values are compared with extrapolation of the
high pressure measurements of vibrational frequency and
volume of graphite [42] to the high temperature cell pa-
rameters. Because of the large anisotropy of the graphite
crystal [43], it is useful to define the Griineisen parameter
«v of the Eo, mode as a function of the lattice parameter a
instead of volume:

()]

Vo a0

(3)

T

yielding a value of 7 = 1.06 [42]. Both the extrapolation of
the high-pressure data and the theoretical gh. values give
slightly positive quasi-harmonic shifts up to 1000 K, that
become negative at higher temperatures to reach about
—10 cm ™! at 2700 K. This evolution matches the behavior
of the a parameter that contracts to 1000 K before ex-
panding at higher temperatures. The large difference be-
tween theoretical ¢gh. and measured values of Raman shift
is due to intrinsic anharmonicity of this vibrational mode
at high temperature. The difference is used to calculate
the intrinsic anharmonic parameter assumed constant over
the whole temperature range [44]:

A value of a = —1.84- 1075 K~! is obtained.

Recent ab initio models of graphite and graphene by
Bonini et al. [1] include a quasiharmonic contribution in-
duced by the change of the lattice thermal expansion and
an anharmonic contribution due to phonon-phonon inter-
action at fixed lattice spacing that explains the strong de-
crease of the line-shift with increasing temperature. This
model accurately predicted experimental Raman shifts mea-
sured up to 700 K [5].

In order to compare our measurements at higher tem-
peratures with this anharmonic first principles calcula-
tions, we used analytic expression from Klemens [45] and
Balkanski et al. [46] to fit the data:

u(T) = VO+A(1+2f1 (g))
+B (1+3f1 (%) 132 (g))

It describes the effects of high-order phonon-phonon
interactions on Raman line-shift. In this equation, z =
hevy /kpT and fi1(x) = 1/(exp(z)—1) terms describe phonon
population at thermal equilibrium in Bose-Einstein distri-
bution. vg, A and B are constants.

Theoretical data [1] are plotted in figure 6 and ver-
tically shifted to be compared to experimental data at
T = 295 K. They are consistent with our measurements
up to 900 K. Theoretical data have been extrapolated as-
suming B = 0 in equation (5). This implies that terms

(5)



1590

15801
1570
1560
1550
1540
1530

= _ abinitiogh.

HOPG
PG
ab initio [1]

extr. HP gh.

Jr

1520 | 1580

1510

Frequency shift (cm‘1)

1570

- -__?xtr.[ﬂ

o
o

1500
1490

400 600

800

(o]

Ifit exp.

Il Il
500 1000

Il Il
1500 2000 2500 3000

Temperature (K)

Figure 6: Frequency shift of the G band of PG (open circles) and HOPG (black filled circles) collected with 244 nm excitation wavelength.
Data from Kagi et al. [3] (¥) and Tan et al. [4] (A) are shown. Dashed line: theoretical quasi-harmonic shift; dot-dashed line: extrapolation
of high pressure data from Hanfland et al. [42]; doted line: high-temperature extrapolation of theoretical data (+) from Bonini et al. [1] using

equation (5). The black solid line is the fit of HOPG measurements

proportional to A2 in the anharmonic vibrational Hamilto-
nian [46] are ignored because they are assumed to be of a
lower magnitude. This results in a linear behavior of the
line-shift with temperature above 1000 K that slightly un-
derestimates the temperature dependence of experimental
Raman shifts at very high temperature. Constants deter-
mined from this fit are vy = 1602 ecm™! and 4 = —19.37
cm~!. In order to better describe the experimental data
at high temperature, we added a quartic contribution by
fitting B in equation (5) with vy and A values determined
above, yielding B = —0.237 cm™!. This contribution is
about two orders of magnitude lower than other anhar-
monic contributions, but has a measurable influence on
line-shift at very high temperature.

The evolution of the linewidth with temperature also
reflects the anharmonic behavior of graphite layers (Fig. 7).
For HOPG the linewidth increases with a strong curva-
ture above 1000 K that is typical of phonon-phonon inter-
actions involving decay processes with production of two
and three phonons [45, 46]. In addition to the phonon-
phonon contributions, phonon-electron coupling results in
negative temperature dependence of linewidth to 900 K in
graphite [1, 47, 48]. Assuming both coupling effects and
decay to 2 and 3 phonons with energies of one half and
one third of the energy of the initial mode, the linewidth
is expressed as:

D(T)=To+C (1+2A (5))
+0 (1436 (5) +372(5))
+ TP (0) (£ (‘g) Rk (g»

(6)

using equation (5) (parameters of the fit are discussed in the text).

where fa(z) 1/(exp(z) + 1). Linewidth at 0 K,
IePh(0), is 9.8 cm ™! for the electron-phonon coupling [47].
Iy, C' and D constants were fitted to the data, yielding,
3.84cm™!, 1.31 cm~! and 0.89 ecm ™!, respectively. The I'y
value includes a contribution from the bandpass of the Ra-
man spectrometer. T'wo regions can be distinguished, one
below 1000 K where the electron-phonon coupling compen-
sates the phonon-phonon coupling, with a slightly negative
temperature dependence [1], and one above 1000 K a large
increase of linewidth with temperature due to a dominant
quartic decay contribution.

For PG, the evolution of linewidth is very different from
HOPG below 1000 K. A strong increase in linewidth is ob-
served at moderate temperature. We attribute this effect
to possible impurities in the industrial PG (99.95 % pure
graphite). The convergence of linewidth of the two al-
lotropes above 1000 K may indicate that these impurities
are eliminated during high temperature treatment.

We have estimated intensities of the Raman G band
from peak areas. They are little or not affected by tem-
perature within uncertainties at high temperature.

8.8. Potential of UV Raman spectroscopy at high temper-
atures

The present study illustrates the potential of UV-Raman
spectroscopy for expanding the temperature range of in
situ investigations. Further improvements rely on modifi-
cations of the setup. UV Raman measurements are limited
above 300 cm ™! because of the cutting of the Raman edge
filter. The decrease in quantum efficiency of the multi-
channel CCD detector in the UV domain of wavelength
(=~ 30% of a visible signal) is counterbalanced by the gain
of UV Raman scattering cross section. The Raman cross
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section org is proportional to the square of the polariz-
ability derivative from the m to n vibrational transition
and the fourth power of the scattering frequency has been
quantified [49)].

UV Raman spectroscopy is effective in reducing the
masking effect of thermal emission, even if a UV bandpass
interference filter with a 15% transmission has to be added
to further eliminate stray visible light. This allowed inves-
tigating in situ the ultra high temperature domain to at
least 2700 K, instead of the 2150 K reached with visible
excitation. The temperature limit of the present measure-
ments is due to the rapid sublimation of graphite above
2500 K. We obtained a reproducible calibration of the G
band position with temperature from 295 K up to 2700 K
for both PG and HOPG. Graphite rods can be used both
as an easy-to-shape furnace in the wire-loop design, and
as an internal temperature sensor. Analyzed Raman spots
on sample and on PG rod must be as close as possible,
less than 50 pm, to avoid temperature gradient effects at
this scale. An empirical formula is used to describe the
temperature dependence of the Raman G mode:

A
eXp(thyg%K/k:T) —1

va(T) = vagex — (7)
where vogsx = 1582 cm™! is the Raman shift at 296 K.
We have used Eq. (7) to fit our measurements on PG with
parameters A = 67.4 cm~! and B = 0.702 given a root
mean square error of 0.84 cm~!'. On HOPG parameters
A =57.85 cm™! and B = 0.645 given a root mean square
error of 0.48 cm~!. By inverting Eq (7), the temperature is
obtained from the change of Raman shift Av = vogsx — v

according to:
Bhcvags i

" kIn(1+ A/Av) ®)

with a precision of AT = +6 K in the 95% confidence
limit for PG and AT = +4 K for HOPG. The accuracy is
estimated to be 3% in the range 1500-2500 K from average
deviation of the various temperature measurements.

The evolution of frequency and linewidth determined
here for graphite provides a basis for monitoring in situ
high-temperature transformations in the processing of car-
bonaceous material with Raman spectroscopy.
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