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Graphite under pressure: Equation of state and first-order Raman modes
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We have measured lattice parameters and Raman spectra of hexagonal graphite at pressures up
to the structural phase transition near 14 GPa (T' =300 K). The frequencies of the E,, (1) rigid-layer
shear mode at 44 cm ™! and the E,;(2) in-plane mode at 1579 cm ™! increase sublinearly under pres-
sure with initial pressure coefficients of 4.8(5) and 4.7(3) cm ™~ !/GPa, respectively. Using the a- and
c-axis compression data, we determine the dependence of phonon frequencies on intralayer and in-
terlayer separation. For the high-frequency E,,(2) mode we find d In w/3 dln a =1.06(10), which is
in the range of bond-length scaling parameters of phonon frequencies in three-dimensional covalent
structures. For the low-frequency E,(1) mode we obtain d In w/3d In ¢ =1.4(1), which indicates a

stronger anharmonicity of this mode.

I. INTRODUCTION

A unique property of graphite is its high degree of
structural anisotropy. Within the two-dimensional hex-
agonal lattice of the graphite basal plane, the carbon
atoms are held together by strong covalent bonds,
whereas the bonding between adjacent planes is much
weaker resulting in a large interlayer distance (3.35 A), as
compared with the in-plane nearest-neighbor separation
(1.42 A). The strong anisotropy of the bonding is clearly
reflected in the elastic and vibrational properties of
graphite. Phonons and elastic properties of hexagonal
graphite at normal pressure have been thoroughly investi-
gated' by Raman scattering,?”* infrared reflectance,>
inelastic neutron scattering,® and elastic constant mea-
surements.’ Various lattice-dynamical models have been
developed to account for the experimental phonon
dispersion relations."® The Raman-active zone-center
modes of hexagonal graphite (ABAB - - - layer sequence,
4 atoms per unit cell) consist of two E,, modes, a rigid-
layer shear mode near 42 cm™! [E,(1)], and a high-
frequency mode at about 1581 cm™' [E,,(2)] which in-
volves in-plane displacements.?”* For schematic repre-
sentations of the atomic displacements of all zone-center
modes of graphite we refer to Refs. 1 and 5.

Here we report on the effect of hydrostatic pressure on
first-order Raman spectra and lattice parameters of
graphite. Raman measurements and powder x-ray

diffraction studies were performed at 300 K by using a di-

amond window pressure cell’ in combination with the
ruby luminescence method for pressure determination. '
The primary motivation for this investigation was to
study vibrational modes of this prototype of a layered
material over an extended range of pressure (P = 14 GPa)
and as a function of intralayer and interlayer atomic dis-
tances. In particular, we are interested in comparing the
dependence of the E,,(2) mode frequency on in-plane lat-
tice parameter with the mode Griineisen parameter of the
Raman-active zone-center modes of diamond which is
the prototype of a three-dimensional covalent material.
Furthermore, a recent theoretical treatment!! of the in-
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terlayer bonding predicts a strong anharmonicity of the
low-frequency E,,(1) mode; this anharmonicity should
manifest itself in a strong increase of the E,, (1) mode fre-
quency with pressure and interlayer separation, as is also
observed for low-frequency modes in other layer-type
crystals under pressure. >3

We have determined a- and c-axis lattice parameters
under pressure in order to provide a firm and consistent
basis for discussing the dependence of Raman mode fre-
quencies on intralayer and interlayer atomic distances. A
previous x-ray study of graphite by Lynch and Dricka-
mer'* covers the pressure range up to about 20 GPa, but
is based on a different pressure scale. Furthermore, the
initial g-axis compressibility obtained from the earlier x-
ray study is about three times higher compared to the
compressibility calculated from elastic constant data.’
Thus, for our present purpose of investigating phonon
frequencies as a function of atomic distances, there is
clearly a need for an independent determination of the
lattice parameters under pressure. We note that the
equation of state of graphite is an important ingredient to
theoretical descriptions of the phase diagram of car-
bon. !>16 This aspect of the present results, however, will
not be discussed in this paper.

The present study is limited in pressure to about 14
GPa, where the single crystalline graphite samples, as
used in the Raman experiments, start to transform to a
different phase of carbon.!’"!* To our knowledge, the
structural properties of this high-pressure phase has not
been characterized by in situ experiments. However, the
sp3-bonded hexagonal form of diamond (wurtzite analog
or “lonsdalite”) appears to be the most likely candidate,
since this phase has been identified by x-ray diffraction in
samples which were recovered from static high-pressure
runs involving additional temperature treatment. '8

II. LATTICE PARAMETERS UNDER PRESSURE

The powder samples used in x-ray diffraction measure-
ments were prepared by grinding natural graphite
flakes.?° The zero-pressure lattice parameters are
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ay,=2.603(4) A and ¢y =6.706(3) A in agreement with
the data reported in the literature?! (throughout this pa-
per the index zero refers, to ambient pressure). Samples
were loaded into the diamond anvil cell using a
4:1 methanol-ethanol pressure medium. High-pressure
x-ray-diffraction spectra were measured in the angle-
dispersive mode using filtered Mo Ka radiation and a
position-sensitive proportional counter. The a- and c-axis
lattice parameters under pressure were determined from
the (100), (002), and (101) Bragg reflections. Above about
14 GPa these Bragg reflections could not be observed.
This is attributed to the transformation to the high-
pressure phase of carbon. The poor quality of the x-ray-
diffraction pattern above 14 GPa did not allow for an
identification of the crystal structure of this phase.

Figure 1 shows the normalized lattice parameters a /a
and c /¢ of graphite as a function of pressure. The one-
dimensional analog of the Murnaghan equation** pro-
vides an approximation for describing the nonlinear rela-
tion between normalized lattice parameters and pressure
P,

r/ro=[(B'/By)P +1]"VF . (1)

Here, r is the lattice constant along one of the crystal
axes, By '=—(d Inr/dP)p_, is the linear compressibili-
ty, and 3’ is the pressure derivative of 3. The solid lines
in Fig. 1 correspond to Eq. (1) with parameters obtained
from a least-squares fit to the experimental data. The
dashed lines in Fig. 1 represent the results of Ref. 14.
The parameters 3, and ' are listed in Table I. In the
case of the a axis, we have only determined an average
modulus for the pressure range covered in this experi-
ment ('=1), because the pressure-induced change is ex-
tremely small and, therefore, the relative scatter of the
experimental data is large.

The modulus By(c) along the ¢ axis is in good agree-
ment with previous results from x-ray measurements us-
ing powder samples'*?® and single crystals,?* and also
with the adiabatic values derived from the measured elas-
tic constants.”?> The pressure derivative 8'(c) is smaller
than that obtained from previous x-ray data.!* This
difference is at least partly due to the use of different
pressure scales. The measured pressure dependence
(P <2 GPa) of the elastic constant C;; yields 5'(¢)=9.9,
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FIG. 1. Relative lattice parameters a /a, and ¢ /¢, of hexago-
nal graphite as a function of pressure. The solid line correspond
to the result of a least-squares fit of Eq. (1) to the experimental

data (full dots). Dashed lines represent results of Lynch and
Drickamer (Ref. 14).

9.6, and 15 according to Refs. 25-27, respectively.

We find an average a-axis compressibility which is
close to the compressibility of diamond [By(dia-
mond)=1326 GPa, Ref. 28]. The a-axis modulus By(a)
calculated® from elastic constants of graphite (see Table
I) is significantly higher than the present result for By(a),
whereas the previous x-ray-diffraction data'* yielded a
much lower value for 3y(a) and a pronounced nonlineari-
ty [large f’'(a)] for the a-axis compression (see dashed
line in Fig. 1). It has been suggested that the nonlinear
behavior arises from the onset of buckling or puckering
of the graphite layers at low pressures.*® This interpreta-
tion, however, has been questioned in a later analysis of
the earlier compression data using molecular force con-
stants for C—C stretching and out-of-plane displace-
ments.®! Although the relative experimental errors in-

TABLE 1. First- and second-order axial compression coefficients of graphite. S5 ' is the linear
compressibility at zero pressure and f3' is the pressure derivative of B [see Eq. (1)].

Bo (GPa) B Method

¢ axis 35.7(25) 10.8(9) Present work
35.0 14 x ray® (P > 15 GPa)
35.7,36.6 x ray®° (P <1.6 GPa)
37.3,34.0 Elastic constants®®

a axis 1250(70) 1f Present work
640 210 X ray®
2000 Elastic constants?

*Reference 14.
*Reference 23.
‘Reference 24.

dReference 7.
‘Reference 25.

fFixed parameter.
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volved in the determination of the a-axis compression are
quite large, it is safe to conclude that the present results
are not consistent with this pronounced nonlinearity.
Hence, we find no indication for a significant puckering
or buckling of the graphite layers during the initial
compression. This is also consistent with the theoretical
calculation of Fahy et al.®? for rhombohedral graphite,
where the out-of-plane displacement remains essentially
zero during the initial compression and changes
significantly only upon approaching the predicted phase
transition from rhombohedral graphite to cubic diamond
near 80 GPa.

Figure 2 shows the experimental equation of state of
graphite at 7 =300 K. The volume at ambient pressure
is ¥,=35.12(2) A 3/unit cell. The solid line corresponds
to the result of a least-squares fit to the experimental data
using the Murnaghan equation. The bulk modulus
B =—dP/dInV and its pressure derivative at ambient
pressure thus obtained are

B;=133.8(30) GPa
and
B'=8.9(10) ,

respectively. The dashed line in Fig. 2 again represents
the results of Ref. 14.

In the following discussion of Raman modes and their
mode Griineisen parameters, we will refer to our data (see
Table 1) for the a- and c-axis compression of graphite.

III. RAMAN MODES UNDER PRESSURE

For Raman measurements we have used single-
crystalline graphite flakes,?® which were cleaved to about
20-um thickness and cut to about 100-um edge length. A
micro-optical system® in backscattering geometry was
used to focus the exciting laser into the pressure cell and
to collect the light scattered from the sample. Most of
the low-frequency spectra in the range of the interlayer
E,,(1) mode were measured with a soft solid pressure
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FIG. 2. Equation of state of graphite at 300 K. Solid dots are
our experimental data. Solid line represents the result of a
least-squares fit using a Murnaghan equation. Dashed line is
from Ref. 14.

M. HANFLAND, H. BEISTER, AND K. SYASSEN 39

medium (KCl), such that the sample could be held in a
fixed position as close as possible to the diamond window.
This sample mounting allowed us to reduce background
scattering arising from the thin layer of pressure medium
between diamond window and sample. The spectra of
this extremely weak shear mode were recorded using
514.5- or 632.8-nm excitation and a multichannel spec-
trometer system.3* For measurements in the high-
frequency range of the in-plane E,;(2) mode the samples
were always immersed in a methanol-ethanol pressure
medium and the spectra were recorded using 514.5-nm
excitation, a conventional double grating spectrometer,
and single-channel photon counting. In both experimen-
tal configurations the resolution was better than 5 cm !

Raman spectra in the frequency ranges 20—-200 cm ™~
and 1500-1700 cm ™! are shown in Figs. 3 and 4, respec-
tively. With the sample inside the pressure cell, a low-
frequency Raman line could be observed only at pres-
sures above ~4.5 GPa (see Fig. 3). It is obvious to asso-
ciate this Raman line with the E, (1) shear-type mode.
The zero-pressure frequency of the E, (1) mode mea-
sured for a free-standing sample is wo=44(1) cm™~! in
close agreement with the value of 42(1) cm ! reported by
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FIG. 3. Raman spectra of graphite at different pressures
measured in the frequency range of the E, (1) rigid-layer shear
mode.



Nemanich et al.* The variation of the signal-to-noise ra-
tio in Fig. 3 shows that the intensity of this line increases
monotonically as pressure increases. The frequency of
the E 2¢(2) mode at ambient pressure is observed at
wo=1579(1) cm~!. With increasing pressure, this line
also shifts to higher frequency (see Fig. 4). The E,,(2)
mode does not show any major change in intensity with
increasing pressure (note that different levels of back-
ground have been subtracted from the spectra in Fig. 4).

No Raman signal could be observed at pressures above
the onset of the phase transition at about 14 GPa, which
in the case of single crystals is easily detected by visual
observation.3® At the transition to the sp3-bonded hexag-
onal form of diamond, one would expect two Raman lines
to appear. One line should be close to 1380 cm ™!, since
this is the frequency of the Raman mode of cubic dia-
mond at this pressure.3® The second line would be ex-
pected at a frequency which is lower by about 100 cm !
compared to the first one.?” In the present experiment
this frequency range is partly masked by the strong
scattering from the diamond window of the pressure cell,
which prevented us from detecting a Raman signal from
the transformed sample in this frequency range.

The pressure dependence of the Raman linewidths is
shown in Fig. 5. The width of the E,/ (1) line remains
essentially constant at about 8 cm~!. Below about 10
GPa, the linewidth of the E,,(2) line is about 15 cm™};
this linewidth increases significantly at higher pressures.
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FIG. 4. Same as Fig. 3 for the E,;(2) high-frequency in-plane
mode. Intensities (in counts per second) refer to a laser power
of about 100 mW.
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FIG. 5. Linewidth [full width at half maximum (FWHM)] of
Raman modes of graphite as a function of pressure. Open cir-
cles and dashed lines are for decreasing pressure.

Figure 5 shows that the change in linewidth of the E 2(2)
observed above 10 GPa shows a large hysteresis and is
fully reversible only after releasing the pressure below
roughly 3 GPa. This large hysteresis is similar to that
observed for the changes in resistance'® and reflectivity>’
at the phase transition. We thus favor an explanation
where the increase in linewidth arises from the formation
of sp? bonds upon approaching the phase transition.
Figure 6 shows the Raman shifts of the two E,, modes
of graphite as a function of pressure. Despite the ex-
tremely large difference in their frequencies, both modes
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FIG. 6. Raman shifts of the two E,, modes of graphite.
Lines represent results of a least-squares fit of Eq. (2) to the ex-
perimental data. Open circles are for decreasing pressure.
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show a very similar absolute shift with pressure. Further-
more, we observe a pronounced sublinear dependence on
pressure for the two modes. Raman line frequencies are
reversible upon decreasing the pressure. A least-squares
fit of the relation

o(P)/wy=[(8,/8")P +1]% (2)

to the experimental data yields the first- and second-order
parameters §, and &' given in Table II. Here, §, is the
logarithmic pressure derivative (d Inw/dP)p_, and &' is
the pressure derivative of d Inw/dP. The corresponding
absolute frequency shifts are &yw,=4.8 and 4.7
cm™!/GPa for E,,(1) and E,,(2), respectively.

The mode Griineisen parameter y; is commonly
defined as'?

o(P)/wy=[V(P)/V,] ' . 3)

In the present case of a highly anisotropic crystal this
Griineisen scaling relation yields parameters y; which
strongly vary with mode frequency, in contrast to what is
usually observed for more isotropic materials.!> The
values for ¥ =B8, are 3.7 and 0.1 for the E,,(1) and
E,;(2) modes of graphite, respectively. This large
difference in the values of ¥ is similar to the case of
molecular and other layered crystals, '>13 where the mode
frequencies usually separate into a low-frequency region
for intermolecular modes with v of order unity and a
high-frequency region for intramolecular modes with
Yo <<l

For an anisotropic hexagonal system two independent
components of the Griineisen tensor have been associated
which each mode corresponding to the strain deriva-
tives parallel (y,=—dlnw/dInc) and perpendicular
[y,=—dlnw/(2d Ina)] to the ¢ axis.*® Instead of using
the definitions of Ref. 38 for the Griineisen tensor ele-
ments, we prefer here the scaling relation proposed by
Zallen?? with scaling parameter ¥ given by

w(P)/co0=[r(P)/r0]37 , 4)

where r refers to the in-plane and out-of-phase lattice
constants for intralayer and interlayer modes, respective-
ly. The definitions Egs. (3) and (4) are, of course,
equivalent for three-dimensional isotropic materials.

For the high-frequency E,,(2) mode, the average value
for the pressure range up to 14 GPa is 7,=1.06(15), as
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determined from a least-squares fit of ¥ in Eq. (4) to the
experimental data. Within experimental uncertainties
this value agrees with the mode Griineisen parameter of
the first-order Raman mode of diamond (y =0.96, Ref.
36). Thus, for the two-dimensional graphite layer we find
a scaling parameter which is essentially identical to typi-
cal values** for optical phonons in the group-IV
tetrahedral semiconductors.

A corresponding determination of 7 for the low fre-
quency E, (1) yields 7,=1.4(1). This value of 7, is larger
than ¥, indicating a larger relative change in force con-
stants involved in the rigid-layer motion. A density func-
tional study of the interplanar binding in graphite by
DiVincenco et al.'" predicts the frequency of the E, (1)
mode in close agreement with the experimental value.
Furthermore, from their model the authors find the
E,,(1) mode to be strongly anharmonic. It is true that
the present results confirm a stronger anharmonicity of
E,4(1) compared to E 2¢(2), but this difference is small rel-
ative to the range of magnitudes spanned by mode
Griineisen parameters in covalent and ionic materials.

Recently, the pressure dependence of the longitudinal
optic B ,(1) mode of graphite (w,=127 cm™!) has been
studied by inelastic neutron scattering up to 2 GPa.?> A
shift of 19 cm ™! /GPa has been observed for the B (1)
mode. Thus, this mode exhibits an even larger logarith-
mic pressure dependence than the E,,(1) mode (see Table
II).

Finally, we have checked the possibility that the in-
crease in line intensity of the low-frequency E,,(1) mode
is related to a resonance enhancement arising from a
pressure-dependent change of the electronic excitation
spectrum of graphite. By switching from green to red
laser excitation we could not find a significant difference
in line intensity at any pressure. Thus, the pressure-
induced increase in line intensity is not caused by a nar-
row resonance. On the other hand, recent optical
reflectivity measurements of graphite under pressure
show that the 4, interband transition® shifts from about
0.8 eV at ambient pressure to 1.8 eV at 12 GPa. Hence,
electronic excitations of graphite are strongly pressure
dependent, and these effects may be responsible for a
pressure-enhanced resonance effect which is active over a
fairly broad spectral range of the exciting laser line. Oth-
er possibilities to explain the increase in line intensity in-
clude an increase of the Raman cross section due to a
stronger interlayer coupling under pressure.

TABLE II. Zone-center phonons of graphite and their pressure dependence. w is the phonon fre-
quency at ambient pressure, 8, is the logarithmic pressure derivative (d Inw/dP)p-(, and &' is the

pressure derivative of dInw/dP [see Eq.
v=—dInw/(3dInr) (see text for details).

(2)); 7 refers to the average scaling parameter

Mode @y (cm™") 8 (GPa™ ") &' 4
E, () 44(1) 0.110(8) 0.43(3) 1.4(1)
B, (1) 127* 0.15*

E24(2) 1579(1) 2.96(2)x 1073 0.080(5) 1.06(0)

?Reference 25.



IV. CONCLUSIONS

We have measured the change of lattice parameters
and the shift of the two Raman-active modes of hexago-
nal graphite at pressures up to about 14 GPa, which cor-
responds to the stability range for single-crystalline
graphite samples. Within experimental uncertainty, the
a-axis compression Aa /a, is essentially linear in pressure
and does not confirm the strong nonlinearity found in
previous x-ray diffraction experiments.'* Based on the
pressure dependence of the Raman frequencies of the E,,
modes, the mode Griineisen parameters have been evalu-
ated using the present compressibility data. The average
scaling parameter 7,=d Inw/(3d Ina) [see Eq. (4)], cor-
responding to the pressure dependence of the E,,(2) in-
plane mode, is close to unity and thus almost identical to
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that of the Raman mode of cubic diamond which can be
viewed as the prototype of a three-dimensional covalent
system. The scaling parameter ¥,=d In®/(3d Inc¢) for
the E, (1) rigid-layer shear mode is larger compared to
7, thus indicating a stronger anharmonicity of this mode,
in agreement with the qualitative prediction of DiVincen-
coet al.!!
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