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We study the behaviour of the most characteristic Raman contributions of highly
oriented pyrolytic graphite at biaxial stresses up to 5 GPa. The use of moissanite anvils
allows us to observe for the first time the evolution with stress of the disorder-induced
D band along with all the overtones and combination bands in the Raman spectrum of
graphite. Theoretical calculations at different pressures, performed within the Density
Functional Theory, allow us to conclude that the D band process involves iTO phonons
along the K-I' direction. A complete set of Griineisen parameters is reported; the
analysis of the ratios of such parameters provides direct information on the intrinsic

coupling and stress response for each phonon branch.
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1. Introduction

Graphene and carbon nanotubes present remarkable mechanical properties that have
motivated a large number of theoretical and experimental studies on carbon materials
(CMs). Moreover, Raman spectroscopy is widely accepted as a convenient
characterization technique [1] and suitable tool to analyse the strain state and its
influence on the mechanical and electrical properties of these systems, including
graphene [2]. Raman studies under stress have allowed the determination of the
Griineisen parameters for the G and 2D bands under tensile uniaxial and biaxial
conditions [3,4]. However, despite graphite can be considered as the basic reference for
many CMs, its behaviour under compressive stress is less known, and an analysis of the
effect of the stress in the whole Raman spectrum of graphite is, in fact, lacking.

Both experiments and theoretical calculations on graphite under extreme stress or
pressure conditions are currently focused on the phase transition reported to a new
super-hard phase around 17 GPa [5-10], but detailed information about the behavior of
graphite in the low to moderate compressive stress regime are scarce from the point of
view of Raman spectroscopy.

The Raman spectrum of graphite was measured for the first time in 1970 [11] and
its evolution with pressure was studied under both hydrostatic [12] and non-hydrostatic
conditions [13]. However, in these previous works the only Raman band analyzed is the
most intense contribution, known as the G band. This lack of information on the other
Raman bands of graphite is due to the use of the diamond anvil cell, since the Raman
bands of the diamond anvils overlap with most of the characteristic bands of graphite
[14]. As we have recently demonstrated [14,15] the use of alternative gems allows a
complete Raman characterization of CMs; in addition, interference with the pressure

media [16-18], which has revealed as problematic, can be avoided by compressing the



specimen directly between the anvils, so subjecting the sample to biaxial compressive
stress.

Several studies on carbon fibres have been carried out under tensile uniaxial stress,
and the dependence of D, G and 2D bands up to 1% of strain has been reported [19].
However, significant tension-compression anisotropy has been found for graphite and
graphene [20-22] and a complete study the compressive regime is demanded.

Another controversial issue concerns the origin of the disorder-induced bands, D
and D’. Previous works [23-26] agree in that they are observed by the excitation of a
phonon with q # 0 momentum (in the vicinity of K and I'-points, respectively) due to
the presence of defects in the sample. However, some discrepancies exist concerning the
assignment of the phonon branch (LO [23-25] or iTO [26]) implicated in the appearance
of the D band. It looks that the origin of the D’ band is less controversial, as all previous
works associate this band to the maximum in the LO phonon near the I'-point. As we
shall show below, combination of theoretical calculations of the phonon dispersion
curves of graphite/graphene under pressure and Raman measurements under biaxial
stress allow us to unambiguously associate the D band to the iTO phonon branch.

From the stress dependence of the Raman frequencies we obtain information about

the Griineisen parameters, which, under biaxial stress, are defined as [3]:
yi:(do)i /da)/2 N (1)
where @; and o are the frequencies of the i Raman band under stress and at ambient
conditions, respectively, and & is the biaxial strain. Under moderate stresses, the
quantity (dwi/de) can be reasonably approximated by (o; - ©;’)/e.
It must be noted that the study of the Griineisen parameters in graphene involves

several drawbacks, leading to significant discrepancies in the parameters reported so far

[3, 4, 27, 28]. Perhaps the most important reasons for such discrepancies are the doping



phenomena related to the substrate and the definition of the stress conditions. Both
drawbacks are minimized in our experiments since biaxial conditions are unaffected by
variations in the Poisson ratio and no substrate or surrounding media are necessary.
Graphite under moderate compressive biaxial stresses is expected to behave as
unsupported graphene, free from doping effects, as confirmed in recent studies of
graphene under pressure using a diamond anvil cell [27, 29]. In addition, the use of the
moissanite anvil cell (MAC) allows to study the stress dependence of all the Raman
features in graphite, even those bands with low intensity, such as the D’ band and its
overtone. Thus, we provide reliable values of the Griineisen parameters for the most
prominent Raman bands of graphite, some of them not measured before, remarkable

results due to their implications in graphene and other CMs.

2. Experimental
Our experimental set up is based on a MAC coupled to a micro-Raman spectrometer
described in detail elsewhere [30]. This device is equipped with a Spectra-Physics solid
state laser operating at 532.0 nm, a 10x Mitutoyo long working distance objective
coupled to a 10x Navitar zoom system and focused on to the slit of an ISA HR460
monochromator with a grating of 600 grooves mm™ and a liquid nitrogen-cooled CCD
detector (ISA CCD3000, 1024 x 256 pixels). These specifications along with a
calibration of the system with a standard neon discharge lamp provide a spectral
resolution of the reported spectra better than 4 cm™.

The samples are directly placed between the anvils without a gasket and pressure
transmitting media. With this configuration, the stress profile on the sample varies
depending on the considered region [14,15], as can be observed in Figure 1, where we

show three photographs of the sample at different steps of the experiment. In the first



stage of the experiment (Figure 1a), the loaded stress is the highest, as revealed by the
interference rings, which indicate the area where the anvils are in closest contact; in this
case most of the sample is subjected to stress. As the cell is unloaded, the interference
rings become smaller (Figure 1b), and we can find regions of the sample compressed as
well as regions close to ambient conditions. Once the stress is completely released, the
interference rings are not observed anymore (Figure 1c), and the whole sample is

unstressed.

(a)

Figure 1. Photographs of the graphite sample directly compressed between the anvils, at
three different stages of the experiment. The white spot and lines indicate the regions

where the Raman spectra were registered.

Raman spectra were recorded at the center of the sample with increasing stress and
along selected radial paths (white lines in Figure 1a) at different stages while stress is
released. In order to measure these Raman spectra at different locations of the sample,
the MAC is mounted on a XYZ stage and the laser light is directed to the sample by
using a tiny focussing lens, providing excitation spots smaller than 20 pm.

As described in detail in ref. [14], the Raman spectra recorded in such fashion
present contributions from both the sample and the front anvil. As already stared, the

use of moissanite for CMs experiments avoids the intense interference of diamond [14].



In any case, the contribution of the second order spectra of moissanite must be properly
subtracted for spectral analysis.

The absence of pressure media precludes the use of conventional pressure markers
that would cause bridging between the anvils; for this reason, an alternative method to
estimate the effective stress acting on the sample is required. Previous studies reveal
that the frequency of the G band of graphite up-shifts with the same pressure slope
independently of the stress conditions, hydrostatic [12] or non-hydrostatic [13]. This
allows us to use the frequency of the G band to estimate the effective stresses (called G,)

given in Figure 2a.

3. Calculations

The evolution of the phonon frequencies in the I'-K path were calculated using DFT and
Density Functional Perturbation Theory (DFPT) [31] as implemented in the Quantum
ESPRESSO program [32]. The ultrasoft pseudopotential for carbon was obtained from
the library included in the USSP program, by Vanderbilt [33]. The calculation
parameters are: 60 Ry plane-wave cutoff, 16x16x8 k-point sampling and cold smearing
[34] with a broadening parameter of 0.03 Ry. The geometries were determined by
minimizing the enthalpy under the examined hydrostatic pressures (0, 4 and 8 GPa)
with a threshold of 0.1 GPa. In order to obtain good interlayer separations, the DFT-D
semiempirical dispersion correction [35] was used. The phonon frequencies were
calcualted on a 8x8x8 grid and Fourier-interpolated to a finer g-grid: 50x50x50, that
was then used to generate the phonon frequencies on the path. The strong anisotropy of
graphite allows us to compare calculations under hydrostatic conditions with biaxial
experiments without including biased geometrical restrictions in the computational

procedure.



4. Results

In Figure 2 we show the Raman spectra of compressed graphite recorded at different
sample locations in the 1200-3500 cm™ spectral range. In order to show the less intense
contributions to the Raman spectrum, two spectral regions are enlarged in Figures 2b

and 2c.

(@ G (b) ©

)
v}

D+G 5 opy

—
+
v}

THTHT

c,=4.83 GPa

c,=4.10 GPa

5, =3.60 GPa

o, =2.89 GPa

o, =2.65 GPa

Intensity (a.u.)

LAl

o,=2.02GPa

o,=1.87 GPa

5, =0.90 GPa

5,=0.59 GPa

T T T L N n | | T L
1500 2000 2500 3000 3500 1200 1400 1600 1800 2400 2800 3200
Raman Shift (cm’)

Figure 2. (a) Raman spectra of compressed graphite registered in different regions of the
sample, along the white lines indicated in Figure 1. The spectra shown in (a) are split
into two spectral regions: (b) fundamental bands from 1200 to 1800 cm™ and (c)
combination bands and overtones from 2300 to 3500 cm™.

After subtraction of the coincidental second order Raman background of moissanite

[14], the bands of graphite can be clearly observed, including the D’ band, which is less



intense, and those inaccessible using diamond anvils, such as the bands around 1350 (D
band), 2935 (D+G band) and 2440 cm™ (T+D band). A first observation reveals that the
whole Raman spectra of graphite up-shifts and broadens with increasing stress. A
similar correlation for the intensity of the defect-related bands is not observed [11, 36].
Thus, sample regions with higher concentration of defects present a Raman spectrum
with a more intense D, D’ (around 1622 cm™) and (D+G) features. Because the sample
thicknesses studied in this work are inhomogeneous, the concentration of stress-induced
defects varies among different sampled regions, finding higher defect concentration in
thinner regions.

From the second derivative analysis of the spectra we obtain the frequency of all the
Raman contributions, which are represented as a function of the frequency of the D
band in Figure 3. The D band is chosen for this purpose because, in contrast to the G
band, the frequency of the D band does not change with the crystal size in the basal
plane of graphite, L,, [37]. The analysis of the effects of L, and defect concentration in
the Raman spectrum present interesting findings which are out of scope of this work
and will be published elsewhere [38]. As expected in a compressive regime, we see that
all frequencies, even for those contributions appearing as shoulders in the spectrum (see
Figures 3¢ and 3f), increase as the frequency of the D band, and so the biaxial stress,

increases.
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Figure 3. (a), (b), (d) and (e) Frequency shifts of the most intense Raman contributions
of graphite as a function of the frequency of the D band. In order to calculate Aw;, the
reference o;” values listed in Table 1 were used. (c) and (f) enlarged Raman spectra of
compressed graphite indicating the two contributions present in these spectral regions:
(c) 2D; and 2D; bands and (f) 2G and 2D’ bands. The inserted numbers indicate the

estimated effective stress o, (in GPa) on the sample.

The results for the D’ band are particularly striking, because its stress dependence
has not been reported so far. Although its frequency data show a larger scattering for
being close in frequency to the intense G band, the second derivative analysis provides
excellent results. The second derivative also allows distinguishing between the two
contributions of the 2D band. Unfortunately, as we can observe in Figure 3b, spectral
broadening at very high stresses sometimes precludes an accurate determination of the
frequency of the 2D;. It is also striking the marked asymmetry of (T+D) band appearing
around 2440 cm’ that, along with its low intensity, causes the scattering in the

frequencies observed for this contribution in Figure 3d, at least if it compared with the



variation in the (D+G) band; in any case, their stress dependencies are clearly
characterized. In Figure 3f we can appreciate the intensity ratio between the 2G (around
3177 em™) and 2D’ (around 3247 cm™) bands and compare the linewidth of both
contributions; these differences explain why the frequency of the 2D’ band can be
determined more accurately than that of the 2G band. Despite this fact, the shift of the
2G band can be measured even at high stress, when this band notably broadens. The

stress slopes for all contributions are summarized in Table 1.

Table 1. Frequency at ambient conditions and with 532.0 nm excitation wavelength
(o), coefficients (dowy/dwp) and relation (yi/yg) for the most intense bands of the Raman

spectrum of graphite.

Band | o (cm™) dwi/dop YilYG

D 1350.2 1.000 1.7
G 1580.3 0.69 £ 0.01 1.0
D’ 1622.2 0.69 £ 0.02 1.0

T+D 24422 1.01 £0.04 0.9
2D, 2681.6 2.02£0.08 1.7
2D, 2722.2 1.88 £0.04 1.6
D+G 2934.9 1.60 £ 0.04 1.2
2G 3177.1 1.60 £0.10 1.2
2D’ 3246.7 1.26 £0.02 0.9

We shall analyse first the assignment of the D band. As already mentioned, the
phonon branch involved in the appearance of the D band is still unclear. Two scenarios
are discussed in the literature: the LO [23-25] and the iTO [26] hypothesis. In view of
the different stress coefficients of both D and D’ bands (that of the D’ band is 0.69

times that of the D band), we believe that these bands should arise from two different

10



phonon branches and, as the D’ band is clearly associated to the LO phonon, the D band
should be related to the iTO phonon along the I'-K direction near the K-point.

In order to check this hypothesis we performed DFT calculations to estimate the
evolution with stress of both LO and iTO phonon branches along the I'-K direction.
Results are shown in Figure 4 at three pressures: 0, 4 and 8 GPa. It is evident that the
iTO phonon branch near the K-point present a larger energy shift with pressure than the
LO phonon branch near the K-point. According to these results the pressure coefficient
of the iTO phonon near the K-point is close to 6.0 cm™/GPa and the pressure coefficient
of the LO phonon near the I-point is around 4.2 cm'/GPa; this corresponds to a
coefficient (doro/dwito) of 0.7, in excellent agreement with our experiments (dwp/dop
= 0.69); whereas if we consider that the D band corresponds to the LO phonon near the
K-point, we should obtain a coefficient (dop/dwp) of 1.3, in clear disagreement with

our results.

1700

1600

1500

Frequency(cnf5

1400

1300 |

1200

Figure 4. Evolution of the LO and iTO phonon branches calculated along the I'-K

direction under hydrostatic pressures at 0, 4 and 8 GPa.
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Finally, the slopes (dwi/dwp) of the Table 1 can be used to determine the Griineisen
parameters, because the following relationship must hold between the Griineisen
parameter of each contribution and that of the G band:

o (Vo)
Y _ g D

7ol [dog ?
do,

The results are reported in the last column of Table 1. In view of these data, we can
conclude that the D band and its overtones (2D; and 2D, bands) present a Griineisen
parameter larger than the G band, i.e. around 1.6 times y"; whereas for those vibrations
in which the D band is not involved, such as D’, 2G and 2D’ bands, the Griineisen
parameters ratio is of the order of unity. This is in excellent agreement with previous
results found in the literature for graphite, which are summarized in Table 2. In the case
of graphene under tensile stress, the comparison with our results present some
discrepancies probably due to the tension/compression anisotropy presented by both

graphite and graphene [21-22].

Table 2. Relation between the Griineisen parameter of each contribution and that of G

band, yi/yG, for graphite and graphene.

conditions Yo/YG| Yo/Ya | Yan/YG | Y2pr/YG
GRAPHITE this .work, biaxia.ﬂ compression 1.7 | 1.0 1.7 0.9
hydrostatic compression[12,13,39,40,41] 1.57 0.96
uniaxial tension [3] 1.78 | 0.81
biaxial tension/compression [42] 1.28 1.66 | 0.96
GRAPHENE o ]

biaxial tension [4] 1.40 1.44 | 0.92

biaxial tension [43] 1.58

The combination band (D+G) centred around 2935 cm™ merits a detailed analysis,

since it presents a relative Griineisen parameter (1.2 times y°) larger than the G band but

12



not as large as the D band. To be more accurate, we can calculate the ratio (y°™° /y) as

a weighted average of our relative Griineisen parameters of the D and G bands as:

_y0 o ¢ g
=% 0 Tt 3)
Y Y 0)D+G 'Y mDJrG

With the data of Table 1 and this expression we obtain a calculated relative parameter of
1.3, in agreement with our experimental value.

For the band at 2442 cm™ we assume the accepted assignment in the literature [44-
47]. Previous experimental works, in which the Raman spectrum is studied with
different excitation wavelengths [44] or at high temperature [45], agree in considering
this band as the combination between the D and the 1083 cm™ (only appreciated in
defected samples and labelled as T band in ref. [45]) bands. This assignment does not
differ with previous theoretical calculations that associate this band with the
combination of the iTO and LA phonons [46] along the I'-K direction [47]. Our Raman
measurements as a function of stress also confirm this result, since the relative
Griineisen parameter obtained here is 0.9, in close agreement with the value of 1.0

calculated with the corresponding expression analogous to Eq. (3).

5. Conclusions
The stress dependence of the most relevant Raman features of graphite has been
analyzed in detail under compressive biaxial stresses up to 5 GPa. To our knowledge,
our experimental results for the stress dependence of the bands D, D', T+D, D+G, 2G,
2D’ are the first reported so far.

In view of the different stress slopes presented by the resonant modes D and D’

revealed by our experimental data and complemented with our theoretical calculations

13



of the optical phonon branches, the D and the D’ bands have been assigned to the iTO
and LO phonons, respectively.

The Griineisen parameters of all the Raman bands relative to that of the G band
were calculated from the variation with stress of the frequency of the Raman modes
providing larger parameters for the D band and its overtones. Again, some of our results
are reported for the first time here.

Overall, our experiments demonstrate that the comparison of the stress slopes (or
equivalently, relative Griineisen parameters) provides an appropriate framework to

clarify controversial spectroscopic assignments in CMs and similar systems.
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Figure Captions

Figure 1. Photographs of the graphite sample directly compressed between the anvils, at
three different stages of the experiment. The white spot and lines indicate the regions

where the Raman spectra were registered.

Figure 2. (a) Raman spectra of compressed graphite registered in different regions of the
sample, along the white lines indicated in Figure 1. The spectra shown in (a) are split
into two spectral regions: (b) fundamental bands from 1200 to 1800 cm” and (¢)

combination bands and overtones from 2300 to 3500 cm™.

Figure 3. (a), (b), (d) and (e) Frequency shifts of the most intense Raman contributions
of graphite as a function of the frequency of the D band. In order to calculate Aw;, the
reference o;” values listed in Table 1 were used. (c) and (f) enlarged Raman spectra of

compressed graphite indicating the two contributions present in these spectral regions:
(c) 2D, and 2D, bands and (f) 2G and 2D" bands. The inserted numbers indicate the

estimated effective stress o, (in GPa) on the sample.

Figure 4. Evolution of the LO and iTO phonon branches calculated along the I'-K

direction under hydrostatic pressures at 0, 4 and 8 GPa.
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Tables

Table 1. Frequency at ambient conditions and with 532.0 nm excitation wavelength
(o), coefficients (dwi/dop) and relation (vi/yc) for the most intense bands of the Raman

spectrum of graphite.

Table 2. Relation between the Griineisen parameter of each contribution and that of G

band, y'/y, for graphite and graphene.
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Table 1

Table 1. Frequency at ambient conditions and with 532.0 nm excitation wavelength
(o), coefficients (doi/dmp) and relation (vi/vc) for the most intense bands of the Raman

spectrum of graphite.

Band | o (cm'l) doy/dop Tilva
D 1350.2 1.000 1.7
G 1580.3 0.69 £0.01 1.0
D’ 1622.2 0.69 +0.02 1.0

T+D 24422 1.01 £0.04 0.9

2D, 2681.6 2.02+0.08 1.7
2D, 27222 1.88 £0.04 1.6
D+G 29349 1.60 £ 0.04 1.2
2G 31771 1.60 £0.10 1.2
2D’ 3246.7 1.26 £0.02 0.9




Table 2

Table 2. Relation between the Griineisen parameter of each contribution and that of G

band, y'/y“, for graphite and graphene.

conditions Yo/Ya | Yo'/YG | Y20/YG | Yap/YG
G HITE this ?vork, biaxie‘ll compression 1.7 | 10 1.7 0.9
hydrostatic compression[12,13,39,40.41] 1.57 | 0.96
uniaxial tension [3] 1.78 | 0.81
GRAPHENE biaxial tf?nsi‘onfconllpression [42] 1.28 1.66 | 0.96
biaxial tension [4] 1.40 144 | 092
biaxial tension [43] 1.58
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