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The Raman spectra of the two-dimensional tetragonal (2D(T)) polymeric phase of Cgo have been studied in-
situ at pressures up to 30 GPa and room temperature. The pressure dependence of the phonon modes shows
an irreversible transformation of the material near 20 GPa into a new phase, most probably associated with the
covalent bonding between the 2D polymeric sheets. The Raman spectrum of the high-pressure phase is intense
and well-resolved and the majority of modes are related to the fullerene molecular cage. The sample recovered
at ambient conditions is in a metastable phase and transforms violently under laser irradiation: the transformed
material contains mainly dimers and monomers of Cgo and small inclusions of the diamond-like carbon phase.
The photoluminescence spectra of the 2D(T) polymer of Cgq were measured at room temperature and pressure
up to 4 GPa. The intensity distribution and the pressure-induced shift of the photoluminescence spectrum
drastically differ from those of the Cgo monomer. The deformation potential and the Griineisen parameters of
the 2D(T) polymeric phase of Cgo have been determined and compared with those of the pristine material.

PACS: 61.48.+c, 62.50.+p, 64.70.Kb, 78.30.Na, 78.55.Kz
1. INTRODUCTION

The polymeric forms of Cgg have attracted consid-
erable attention because of their interesting structure
and properties [1]. Pristine Cgo has a great poten-
tial for polymerization because of the existence of 30
double C=C bonds in the fullerene molecular cage.
Cgo has been found to polymerize under illumination
with visible and ultraviolet light [2] and upon alkali
metal doping [3,4]. The treatment of Cgp under vari-
ous high-pressure and high-temperature conditions also
leads to polymerization of the material (HPHT poly-
mers) [5]. The covalent polymeric bonds are usually
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formed by the so-called [2 + 2] cyclo-addition reaction
via the formation of four-member rings between ad-
jacent fullerene molecules, resulting in an appreciable
decrease of the intermolecular distance [2].

The structure and the dimensionality of HPHT
polymers strongly depend on the pressure (P) and tem-
perature (T') treatment conditions. The Cgo molecules
form linear polymeric chains (one-dimensional poly-
mer) having an orthorhombic crystal structure (1D(0O))
and/or dimers and higher oligomers at lower P and
T, two-dimensional polymeric layers that have either a
rhombohedral (2D(R)) or a tetragonal (2D(T)) crys-
tal structure at intermediate P and 7', and face-cente-
red cubic structures based on three-dimensionally (3D)
cross-linked polymerization of the material at higher
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P and T [1,5-7]. In addition, the treatment of the
pristine material under high nonuniform pressure and
high temperature leads to the creation of several disor-
dered polymeric phases, the so-called ultrahard fullerite
phases [8,9]. The detailed X-ray studies of these phases
have revealed their 3D polymeric character [10, 11].
The polymerization of Cgg is characterized by the
destruction of a number of double C=C intramole-
cular bonds and the creation of intermolecular cova-
lent bonds associated with sp?-like fourfold coordinated
carbon atoms in the fullerene molecular cage. Their
number increases from 4 to 8 and to 12 per each cage
for 1D(0), 2D(T), and 2D(R) polymeric phases, re-
spectively, and is expected to further increase in the
3D polymeric phases. Theoretical studies by Okada
et al. [12] have predicted that the 3D-polymerized Cg
might be formed by the application of uniaxial pressure
perpendicular to the polymeric sheets of the 2D(T)
phase of Cgo. According to their density-functional
calculations, polymerization occurs at the lattice con-
stant ¢ = 10.7A, which is attainable at the pressure
of approximately 20.2 GPa. This polymerization re-
sults in the formation of a stable metallic phase having
24 sp-like and 36 sp>-like hybridized carbon atoms
in each Cgg molecule. Another theoretical study, by
Burgos et al. [13], predicted that uniaxial compres-
sion perpendicular to the chains in the 1D or to the
polymeric planes in the 2D polymeric phases of Cgg
leads to 3D polymerization with 52, 56, and even 60
sp®-like coordinated carbon atoms per Cgg molecular
cage. These transformations are expected to occur at
pressures lower than 14 GPa, and the new phases are
semiconducting with large bulk and shear moduli.
The Raman scattering and infrared absorption
spectra of various polymeric phases prepared under
carefully controlled conditions of HPHT treatment
have a very rich and prominent structure. Their inten-
sity distribution and peak positions differ significantly
for the 1D(0), 2D(R), and 2D(T) polymeric phases, as
has been shown by the detailed study of their optical
spectra combined with their structural analysis [14].
The phonon spectra of these materials are very sen-
sitive to any perturbation of the fullerene molecular
cage caused by external disturbances such as pressure
or chemical bond formation [15,16]. Therefore, the
Raman spectroscopy can be successfully used for the
identification of various polymeric phases of Cgy and
for the in-situ high-pressure studies of phase transfor-
mations in the fullerene-related materials. Our exper-
imental Raman studies of the pressure dependence of
the 2D(T) polymeric phase of Cgg [17, 18] have revealed
prominent irreversible changes in the Raman spectra
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of this material near 20 GPa, most probably related
to its further polymerization in accordance with the
theoretical prediction by Okada et al. [12]. The well-
structured phonon spectrum of the new high-pressure
phase in the 2D(T) polymer provides strong indications
that the fullerene molecular cage is retained and that
the new phase may be related to a three-dimensional
network of the Cgp molecules. The Raman data [17, 18]
disagree with the results of recent high-pressure X-ray
studies of the 2D(T) polymer: this fact shows that the
material undergoes an irreversible amorphization in the
pressure region between 10 and 20 GPa [19]. Tt is also
interesting to note that contrary to the 2D(T) poly-
mer, the 2D(R) polymeric phase of Cgo transforms to
a new phase at approximately 15 GPa; this phase is
characterized by very diffused Raman bands that are
most probably related to the random covalent bonding
between molecules belonging to adjacent 2D polymeric
sheets [20].

In this work, we present a detailed photolumines-
cence and Raman study of the intramolecular phonon
modes and electronic spectrum behavior of the 2D(T)
polymeric phase of Cgo at high pressure. Our moti-
vation was to study, in detail, the properties and sta-
bility of the material in both 2D(T) and high-pressure
induced phases, to obtain the quantitative data on the
pressure behavior of the phonon and electron spectra,
and to compare them with those of pristine Cgq.

2. EXPERIMENTAL DETAILS

Two-dimensionally polymerized Cgg was obtained
by subjecting the 99.99 % pure Cgp powder to the pres-
sure 2.2 GPa at the temperature about 820 K [21]. An
X-ray analysis of the samples from the same batch af-
ter the high-pressure and high-temperature treatment
confirmed that the crystal structure of the polymer is
tetragonal (the space group P4ommc), while a Raman
analysis showed the typical spectrum of the 2D(T)
polymer of Cgg with no detectable inclusions of or-
thorhombic or rhombohedral phases [14, 21, 22].

Raman spectra were recorded using a triple
monochromator (DILOR XY-500) equipped with a
CCD liquid-nitrogen cooled detector system. The spec-
tra were taken in the back-scattering geometry using
a micro-Raman system comprising an OLYMPUS
microscope equipped with objectives of 100x and 20x
magnification and the respective spatial resolutions of
approximately 1.7 ym and 8 pym. The spectral width
of the system was about 5 cm™!. The 514.5-nm line of
an ArT laser was used for excitation. The laser power
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Fig.1. Raman spectra of the 2D(T) polymer of Cgo at 300 K and various pressures, recorded for (a) increasing and (b)
decreasing pressure runs. The numbers 1/z indicate the relative scale of the spectra

was kept lower than 20 mW measured directly before
the high-pressure cell, in order to avoid the destruction
of polymeric bonds caused by laser heating effects
and related changes in the phonon spectrum and the
crystal structure [23-25].  The photoluminescence
spectra were recorded using a single monochromator
JOBIN YVON THR-1000 equipped with a CCD
liquid-nitrogen cooled detector system. The spectral
width of the system was approximately 0.5 meV. The
488-nm line of an Ar™ laser was used for excitation of
the luminescence spectra. The laser power was kept at
2 mW measured directly in front of the high-pressure
cell.

Measurements of the Raman and photolumines-
cence spectra at high pressures were carried out us-
ing the diamond anvil cell of Mao-Bell type [26]. The
4:1 methanol-ethanol mixture was used as the pres-
sure transmitting medium and the ruby fluorescence
technique was used for pressure calibration [27]. The
samples used in the present study had dimensions of
100 pum and were selected from the batch material for
their intense, clear, and spatially uniform Raman re-
sponse, typical of the 2D(T) polymeric phase [14]. The

851

band frequencies in the Raman and photoluminescence
spectra were obtained by fitting Lorentzian peak func-
tions to the experimental peaks after the background
subtraction.

3. RESULTS AND DISCUSSION

3.1. Phase transitions

The Raman spectra of the 2D(T) polymer of Cgq
at various pressures up to 27.5 GPa and room tem-
perature, in the frequency region 200-2050 cm™', are
illustrated in Fig. 1a. In this figure, the spectra were
recorded upon pressure increase; the spectral region
around the strong triple-degenerate 75, mode of dia-
mond appearing at 1332 cm ! at ambient pressure 28]
is omitted. The initial spectrum at 1.1 GPa repre-
sents a typical Raman spectrum of the 2D(T) poly-
meric phase and is identical with the spectra reported
earlier [14,17,18]. Lowering the molecular symmetry
from Ij, in pristine Cgg to Dsp in the 2D(T) poly-
mer results in the splitting of the degenerate icosahe-
dral intramolecular modes and in the activation of ini-
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tially silent modes [14, 29, 30]. Moreover, although the
2D(T) phase retains the inversion center of the pris-
tine Cgo molecule, we cannot discard the possibility
that imperfections in the crystal structure of the poly-
mer and/or the natural *C substitution may facilitate
the appearance of some ungerade modes in its Raman
spectrum [30]. For these reasons, the Raman spectrum
of the 2D(T) polymer is richer in structure than that
of pristine Cgq [31].

Ag can be clearly seen from Fig. 1a, the Raman
peaks of the 2D(T) polymer remain narrow and well-
resolved for pressures up to 14 GPa, showing the ho-
mogeneity and stability of the used samples. We note
that as recently shown [30], the pressure behavior of the
Raman modes of the 2D(T) polymer is fully reversible
up to 12 GPa. For pressures P > 14 GPa, the Raman
peak bandwidths of the polymer gradually increased
and the intensities of peaks are considerably decreased.
In addition, the peak broadening is accompanied by a
gradual enhancement of the background (not shown in
Fig. 1, because the Raman spectra are presented after
the background subtraction). Because the fluorescence
from the 2D(T) polymer of Cgg appears in another en-
ergy region, this background is most probably related
to the enhancement of strain and inhomogeneity within
the sample induced at higher pressure.

The drastic changes in the Raman spectrum of the
2D(T) polymer are first observed at P > 20 GPa,
where new distinct peaks appear in the spectrum and
their intensities increase with a further increase of pres-
sure. On the contrary, some of the initial Raman peaks
of the polymer disappear above this critical pressure.
At P > 20 GPa, the Raman spectrum of the material
is significantly different from the initial one at lower
pressure; the observed changes can be attributed to
the transition of the polymer to a new high-pressure
phase. From Fig. 1a, it is clear that even for the ap-
plied pressure as high as 27.5 GPa, the Raman spec-
trum of the high-pressure phase is well resolved with
relatively narrow peaks. Moreover, the frequency po-
sitions of the majority of the peaks in the new phase
can be tracked back to the peaks observed in the initial
2D(T) polymeric phase of Cgo. This is a first experi-
mental indication that the Cgq molecular cages are re-
tained at pressures higher than 20 GPa as the Raman
peaks in the high-pressure phase have their origin on
intramolecular cage vibrations.

Figure 1b shows the Raman spectra of the mate-
rial upon pressure release. The decrease of pressure
from 27.5 GPa to ambient conditions results in the
gradual shift of the Raman peaks to lower energies.
The release of pressure does not lead to any observable
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Fig.2. Raman spectra of the initial 2D(T) polymer
and the recovered high-pressure phase after pressure
release, at ambient conditions. The numbers 1/z in-
dicate the relative scale of the spectra. (a) The initial
2D(T) polymeric phase. (b) The high-pressure phase
of the polymer. (c¢) The main component among the
pieces of the detonated sample identified as a mixture
of the Cgo monomer and dimer. (d) The diamond-like
carbon phase identified among the pieces of the deto-
nated sample

changes in the Raman intensity distribution and the
high-pressure phase remains stable down to the am-
bient pressure. The bottom spectrum in Fig. 1b was
recorded at 0.6 GPa, while the sample was recovered
in air after disassembling the diamond anvil cell and
tested again by means of micro-Raman probing.
Fig. 2, the Raman spectrum of the 2D(T) polymer
recorded at ambient conditions (Fig. 2a) is illustrated
in comparison with that of the high-pressure phase of
the recovered material (Fig. 2b). The spectra in Fig. 2
were recorded outside the diamond anvil cell, and it
was therefore attainable to also measure the spectrum
of each material in the frequency region of the 75, mode
of diamond. The Raman spectrum of the high-pressure

In



MITP, Tom 122, B 4 (10), 2002

3

Pressure-induced transformations ...

phase at ambient conditions is quite different from that
of the initial 2D(T) polymeric phase of Cgo. The peak
positions for the 2D(T) polymer and those for the re-
covered high-pressure phase are shown in Table at am-
bient conditions.

The recovered high-pressure phase of the 2D(T)
polymer exhibits a metastable behavior. More specif-
ically, after a time period of several days from the
moment of its exposure to air, the recovered sample
was detonated upon laser irradiation using the power
0.4 mW (objective: 100x) on the laser spot at the sur-
face of the sample. The detonation is a rapid «explo-
sive» process that was probably initiated by the ther-
mal energy deposited by the probing laser beam; it
results in a rapid relaxation of the built-in strain in
the sample. We note that under these conditions, the
laser power density on the sample is higher than the
density reaching the sample inside the high-pressure
cell due to the different optical systems used (differ-
ent magnification factors and laser spot diameters). In
addition, thermal dissipation conditions are different
in the two cases, because the sample is surrounded by
the pressure-transmitting medium in the cell. After the
detonation, two phases were identified among the pieces
of the recovered sample, characterized by their com-
pletely different Raman spectra presented in Figs. 2¢
and 2d. In Fig. 2¢, the spectrum of the main part of
the detonated sample is illustrated. This Raman spec-
trum is similar to that expected from a mixture con-
sisting of dimers and monomers of Cgo [1,2,14]. The
presence of this phase in the detonated sample defi-
nitely proves that the Cgp molecular cages are retained
in the high-pressure phase of the 2D(T) polymer. Fi-
nally, in Fig. 2d, the Raman spectrum of the phase that
is a minority among the pieces of the detonated sam-
ple is given. As can be seen, the Raman spectrum of
this phase is rather weak, consisting of two relatively
broad peaks at 1342 and 1591 cm™' (see Table). We
have recorded the spectrum of this phase after the sam-
ple detonation but because the spectrum is too weak,
we are not sure whether this phase was also present
in the sample before its detonation, or even in the ini-
tial 2D(T) polymer before the application of pressure.
Fullerite phases having Raman spectra similar to that
in Fig. 2d have been observed in Cgo treated at the
pressure 12.5 GPa and the temperature higher than
700°C [32], as well as in Cgo treated at the pressure
9.5 GPa and the temperature higher than 1500 °C [33].
These phases were characterized by X-ray and micro-
hardness studies as disordered carbon phases having
high density and hardness [32-34] and were attributed
to the breakdown of Cgg molecular cages and the for-
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mation of a cross-linked structure of graphite-like lay-
ers [33]. Indeed, the Raman spectra of these carbon
phases, as well as the spectrum presented in Fig. 2d, are
similar to that of the amorphous carbon containing a
significant amount of sp? bonded carbon atoms [35] and
to those of the microcrystalline graphite or diamond-
like carbon films, mostly consisting of sp® hybridized
carbon atoms [36,37]. We therefore characterize the
phase that is the minority among the pieces of the
detonated sample as the diamond-like phase and we
ascribe the respective Raman peaks of this phase at
1342 em™! and 1591 em~! (Fig. 2d and Table) to the
D (diamond) and G (graphite) peaks of the microcrys-
talline graphite [38].

The obtained experimental data provide a strong
indication that the 2D(T) polymer of Cgy undergoes
a phase transition above 20 GPa. The transforma-
tion occurs via an intermediate state having a rather
diffuse Raman spectrum, which characterizes a highly
disordered pretransitional state of the material in the
pressure near 4 GPa. The fact that the prominent
Raman peaks of the high-pressure phase are related
to the retention of the Cgo cages in this phase is an
indication that the new phase of the polymer can be
related to a three-dimensional (3D) polymerization of
Cgo. The observed peculiarities in the pretransitional
pressure range also support the assumption of a fur-
ther pressure-induced polymerization, which is a solid-
state chemical reaction rather than a structural phase
transformation. The Raman spectrum of the high-
pressure phase is dominated by a very strong Raman
peak around 1842 ecm™!, which cannot be related to
any internal vibrational mode of the Cgg molecular
cage. The strong Raman peaks ranged near 1600—
1900 em™! in some chemical compounds of carbon are
related to the stretching vibrations of isolated double
C=C bonds [39]. In analogy to that, the strong peak
at 1842 cm~! can be attributed to the destruction of a
number of double C= C bonds during further polymer-
ization of the 2D(T) polymer and to the appearance of
some of the remaining ones as isolated C=C bonds
in the 3D network of the Cgo polymeric material. A
more detailed analysis of the phonon modes and their
pressure dependence in the initial 2D(T) polymer and
in the high-pressure phase are discussed in the next
subsection.

3.2. Phonon modes

The pressure dependence of the Raman modes of
the 2D(T) polymer of Cgq in the initial phase (squares)
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Phonon frequencies, pressure coefficients, and the Griineisen parameters for the initial 2D(T) polymeric phase of Cgg,
the high-pressure phase, and pristine Cgo. The phonon frequencies for the diamond-like carbon and dimeric Cgg phases
observed after the sample detonation are also included

2D(T) polymeric Ceo High-pressure phase
Wi, Ow; /0P, Wi, Owi [OP,
Mode® . 1 b Yi 4 1 Vi
cm cm™ - /GPa cm cm™/GPa
P < P < P>
<4 GPa < 10 GPa > 10 GPa
Hy(1) 259 5.8 0.78 - - -
H,(1) 282 2.3 0.264 207 0.3 0.047
Fy, (1) 363 —0.2 —0.019 391 —0.2 —0.024
Hy(2) 416 —0.1 —0.009 - - -
Hy(2) 432 0.6 0.049 | 442 0.6 0.064
Hy(2) 456 0.3 0.023 459 0.8 0.079
Ay(1) 487 45 0.322 - - -
Fiu(1) - - - - - -
Fag(1) 536 14 0.091 540 0.6 0.052
Fig(1) 563 1.4 0.087 554 1 0.8 0.111
Fig(1) 588 0.8 0.047 571 1.8 0.9 0.148
Fig(1) - - - 634 2.7 0.9 0.201
H,(3) 666 0.036 - - - -
Hy(3) 683 2.3 0.118 688 1.4 1.0 0.096
H,(3) - - - - - - -
H,y(4) 748 —0.7 —0.033 738 1.9 1.3 0.121
Hy(4) 751° - - - - - -
H,(4) 772 ~12 0.054 769 2.1 1.6 0.128
Hy(4) 773 - - - - - -
H,y(4) - - - 826 2.4 0.137
H,(4) 861 —0.6 —0.024 877 1.6 0.086
H.(4) - - - 902 2.1 0.109
H,(u) - - - 915 2.2 0.113
G4(2) 955 4.5 0.164 961 3.0 0.147
G,(2) - - - 972 3.7 0.179
Fy, (4) 1041 4.2 0.141 1029 3.8 0.174
Fu (4) - - - 1064 2.8 0.124
H,(5) 1107 48 0.151 - - -
G,(3) 1178 6.7 0.198 - - -
Fay(3) 1206 7.6 0.22 - - -
H,(6) - - - - - -
Fu() || - - - - - -
Hy(7) 1403 6.6 0.164 - - -
Ag(2) 1448 6.1 0.147 1430 4.3 0.14
Fiy(3) 1464 7.6 0.181 - - -
Fsy(4) 1541 5.1 0.115 1509 3.9 0.119
H,(8) 1572 5.9 0.131 | 1567 3.7 0.111
G,(6) 1623 4.7 0.1 1647 4.1 0.117
G,(6) - - - 1842 3.5 0.089
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Pristine Cgo Dimer Cgo | Diamond-like phase
Mode® wi_,l Baiil/aP, - wz-_,l wz-_,l
cm cm™ ' /GPa cm cm
04 GPa < P < 2.4 GPa
Hy(1) 272 3.2 0.165 266 -
H,(1) 204 2.5 0.119 - -
Fs, (1) 345 2.9 0.118 — -
Hy(2) 389 —0.2 - 0.007 - -
Hy(2) 435 2.4 0.077 427 -
H,(2) 454 1.4 0.043 - -
Ag(1) 495 4.2 0.119 489 -
Fru(1) 522 1.4 0.027 523 -
Fyy(1) - - - - -
Fig(1) 563 0.8 0.02 - -
R, || - - - - -
Fig(1) 624 1.5 0.034 - -
B |- - - - -
B |- - - - -
Hy(3) 710 ~0.8 0.016 704 -
H,(4) 729 —2.9 —0.056 - -
Hy(4) 755 —4.1 0.078 - -
H,(4) 772 —2.7 —0.049 768 -
B || - - - - -
B |- - - - -
H.(4) - - - 847 841
H.(4) - - - - -
Ho(4) - - - - 915
G,(2) - - - 956 -
G2 || - - - - -
Fa(4) - - - - ~
Fou(4) - - - - -
Hy(5) - - - - -
Gy(3) - - - - -
FaW® || - - - - -
H,(6) - - - 1239 -
Fou(5) - - - 1328 D1342
H,y(7) 1422 9.8 0.096 1420 -
Ag(2) 1467 5.5 0.053 1461 -
Fig(3) - - - - -
Py || - - - - -
H,(8) 1570 4.8 0.043 1566 G1591
G, (6) - - - 1624 -
G, || - - - - -

“The mode assignment refers to the irreducible representations of the icosahedral Cgp molecule [40] and follows
that in [14]; it is given here only for the initial phase of the 2D(T) polymer and the «dimeric» Cgo phase. ® Data

taken from [30]. © Frequency value at P = 6 GPa.

855




K. P. Meletov, J. Arvanitidis, S. Assimopoulos et al.

MITP, Tom 122, Bemn. 4 (10), 2002

550
500

450

Raman shift, cm™*
S
[aw]
o

800
750

700

650
350
600
300
- 550
250....I....I....I.../..I L PR | IE. | /. | ..-
0 10 20 300 10 20 30
P, GPa P, GPa

Fig.3. The pressure dependence of the Raman modes of the 2D(T) polymeric phase of Cgo in the frequency regions 250—
550 cm ™! (a) and 530-830 cm™! (b). Squares and circles represent data taken for the 2D(T) polymer in the initial and
high-pressure phases, respectively. The open (solid) symbols denote data taken for increasing (decreasing) pressure runs.
The shaded area near 20 GPa denotes the pressure range of the phase transformation. The dotted vertical line near 10.4 GPa

in Fig. 3b denotes the pressure where changes in the slope of the pressure dependence occur during pressure decrease

and the high-pressure phase (circles) is shown in Figs. 3
and 4. The open (solid) symbols denote data taken for
increasing (decreasing) pressure runs. Solid lines are
drawn to guide the eye and arrows indicate the pres-
sure increase or decrease. In these figures, the mode
assignment refers to the irreducible representations of
the parent Cgp molecule (I, symmetry) [40], following
the notation in Ref. [14] in general, and is given here
only for the initial 2D(T) phase of the polymer. Table
contains a compilation of the mode assignment (given
for the initial 2D(T) polymeric and the «dimeric» Cgg
phases), phonon frequencies w;, pressure coefficients
Ow; /0P, and the corresponding Griineisen parameters
v; that in the present work are defined for the ini-
tial 2D(T) polymeric and high-pressure phases. The
Griineisen parameters
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S AV/V WO P
were calculated using the experimental data of the
pressure coefficients dw;/dP for the phonon modes in
both phases of the 2D(T) polymer. The bulk modulus
B, = 34.8 GPa for the initial 2D(T) polymeric phase
was taken from Ref. [19]. Because the experimental
data are absent for this material, we have also used the
theoretical value of the bulk modulus By = 47 GPa [12]
for the calculation of the Griineisen parameters in the
high-pressure phase. We note that the values of 7; for
the high-pressure phase are only an estimation because
the real value of By can differ from the theoretically
predicted one. The appropriate data of the phonon
mode frequencies of pristine Cgg, their pressure coeffi-
cients and Griineisen parameters calculated using the
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Fig. 4.

bulk modulus By = 14.4 GPa [41] are included in Table
for comparison [42]. The last two columns in Table con-
tain the phonon mode frequencies for the two phases
(diamond-like and «dimeric» Cgg) observed after the
sample detonation at ambient conditions.

As can be seen from Figs. 3 and 4, all the Raman
peaks of the initial 2D(T) phase disappear in the pres-
sure range 16 GPa < P < 20 GPa, while the Raman
peaks related to the high-pressure phase gradually ap-
pear and gain in intensity above 20 GPa (the shaded
area in Figs. 3 and 4 indicates the pressure range of
the transformation). It is also clear that the majority
of the Raman modes of the high-pressure phase are re-
lated to those of the 2D(T) polymer, showing that they
originate from the Cgg molecular cage vibrations. The
nature of some phonon modes in the initial phase of the
2D(T) polymer of Cgp, in particular the Raman peak
near 1040 cm™!', is related to the covalent intermolecu-
lar bonding within the 2D polymeric layers [1, 14, 21].
More specifically, the peak near 1040 cm ! is associated

P, GPa

The same as in Fig. 3 for Cep in frequency regions 800-1300 cm™"' (a) and 1400-1950 cm™" (b)

with the vibrations of the sp3-like coordinated carbon
atoms; the much lower frequency of this peak compared
to that of the T, mode of diamond [28] can be at-
tributed to the different lengths of the sp>-like bonds in
the 2D(T) polymer (1.64 A) and diamond (1.54A). In
the recovered high-pressure phase, this mode appears
to have two components with the frequencies 1029 and
1064 cm~!. Assuming that the high-pressure phase is
related to the formation of a 3D polymeric phase of Cgg
proposed by Okada et al. [12], we can associate these
two Raman peaks with the existence of two types of
sp’-like coordinated carbon atoms with slightly differ-
ent bond lengths.

Another important feature of the phonon spectrum
of the high-pressure phase is the drastic changes in
the region of the A,(2) pentagonal-pinch (PP) mode
with respect to pristine Cgo and its 2D(T) polymeric
phase. The PP-mode in pristine Cgq is related to the
in-phase stretching vibration of the five double C=C
bonds originating in the vertices of each pentagon in the
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fullerene molecular cage. The frequency of the PP-mo-
de in the polymeric fullerenes decreases as the num-
ber of the polymeric covalent bonds per each molecu-
lar cage increases. Thus, the PP-mode in the Raman
spectrum of the «dimeric» fullerene Cisg is disposed
around 1462 cm~! (from 1469 cm ™! in pristine Cgq), is
then softened to 1457 cm ™! in 1D(0), to 1449 cm ™! in
2D(T), and further down to 1406 cm~! in the 2D(R)
polymer [14]. The additional increase of the number
of sp*-like coordinated carbon atoms in the 3D poly-
mer results in more drastic changes in the PP-mode re-
gion. Namely, five strong peaks appear in the Raman
spectrum of the high-pressure phase, with the most in-
tense of them located near 1842 cm~!. The break-
down of a large number of double C=C bonds in the
high-pressure phase therefore leads to quenching the
PP-mode; as a result, a number of new Raman peaks
appear that are possibly related to the stretching vibra-
tions of the remaining isolated double C=C bonds. It
is well known that the stretching vibrations of the iso-
lated double C—=C bonds are Raman-active and their
frequencies range up to 2000 cm~! [39].

The pressure dependence of the phonon frequencies
of the 2D(T) polymer shows a linear behavior for al-
most all modes and is absolutely reversible for pres-
sures up to 12 GPa [30]. Nevertheless, two modes,
H,(1) and A,(1), demonstrate a strong sublinear pres-
sure dependence. The A,(1) mode is a «breathing»
mode of the fullerene molecular cage and is associated
with radial displacements in the atomic motions. To
a large extent, the Hy(1) mode is also related to the
radial displacements of the carbon atoms. These two
modes are therefore characterized by out-of-plane dis-
placements of carbon atoms and in our opinion, their
sublinear pressure dependence can be associated with
the high anisotropy related to the Van der Waals inter-
molecular bonding of adjacent 2D polymeric layers and
the covalent intermolecular bonding within the layers.
Such a behavior is typical of the 2D polymeric phases
of Cgo and was recently also observed in the 2D(R)
polymer [20]. In addition, the A,(1) mode completely
disappears at P > 20 GPa and is not present in the
high-pressure phase. Such a behavior can be the re-
sult of the 3D polymeric bonding in the high-pressure
phase, which quenches the «breathing» vibration of the
fullerene molecular cage.

In the high-pressure phase, the frequencies of all the
observed modes increase with increasing the pressure,
except for the peak at 391 cm ™!, which shows a small
negative pressure slope (see Table). The pressure coeffi-
cients Ow; /O P of the Raman modes in the high-pressure
phase range from —0.2 to 4.1 cm ! /GPa, and the pres-
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sure slopes in the initial phase of the 2D(T) polymer
range from —1.2 to 7.6 cm™! /GPa. At the same time,
the pressure coefficients of the Raman modes in pris-
tine Cgo range from —4.1 to 9.8 cm~!/GPa. These
data agree with the fact that the polymerized mate-
rials become harder as the degree of polymerization
increases [1,12,41]. It is interesting to note that the
pressure coefficients of the Raman peaks at 1029 and
1064 cm™', associated with the sp?-like coordinated
carbon atoms, are comparable to that of the 75, mode
of the crystalline diamond (3.8, 2.8, and approximately
2.7 em™! /GPa, respectively) [43]. Finally, it is impor-
tant to note that several Raman modes of the high-
pressure phase, located in the frequency region 550—
800 cm ™!, reveal changes in their pressure slopes to
higher values as the pressure decreases below 10 GPa
(see Table and the dotted line in Fig. 3b). These
changes in the pressure slopes can be related to the
theoretically predicted relaxation of the tetragonal lat-
tice parameters in the high-pressure phase after the
pressure release. As shown in [12], the lattice param-
eter a of the high-pressure phase at normal conditions
is enlarged with respect to that of the initial 2D(T)
polymer from about 0.3 A to 9.4 A. We also think that
the relaxation of the lattice parameter in the recovered
high-pressure phase is responsible for the softening of
the 1040 cm™! mode in the initial 2D(T) polymer to
1029 em ™! in the new high-pressure phase (the low-
frequency split component).

In Fig. 5, we show the correlation of the Griineisen
parameters 7; to the phonon mode frequencies w;. The
respective data for pristine Cgg, for the initial phase
of the 2D(T) polymer of Cgp, and for its high-pressure
phase are represented by open triangles, circles, and
squares. The single solid star indicates the Griineisen
parameter of the T», mode of diamond, which is as large
as 0.895. The values of v; for the three materials inves-
tigated vary between —0.078 and 0.78; in general, they
behave similarly to frequency, exhibiting two maxima
near 600 and 1300 cm~! and two minima near 400 and
750 cm~!. Both minima are related to soft intramolec-
ular modes and are characterized by negative values of
v;, indicating the possible instability of the Cgg molec-
ular cage with respect to the atomic displacements re-
lated to these modes. We note that the polymerization
of pristine Cgg leads to a deformation of the fullerene
molecular cage, which in particular results in the re-
duction of the number of modes with negative values
of #;. This reduction becomes more significant in the
fullerenes with a higher degree of polymerization. An-
other interesting observation is that the maximum in
the frequency dependence of the Griineisen parameters



Pressure-induced transformations ...

MKIT®, Tom 122, Boin. 4 (10), 2002
Y
r T T e T
0.8 @ 7
0.6 | R
04 R
| @)
O
0.2 | O &
v O 15%3 &
Rogivagetys i =
D %%0 Vv
OFg % G
500 1000 1500
Wi, CIM
Fig.5. Griineisen parameters for the various modes

of pristine Cgo (triangles), the initial 2D(T) polymeric

phase (circles), and its high-pressure phase (squares).

The solid star indicates the Griineisen parameter of the
Tz, mode of diamond at 1332 cm™*

around the 75, mode of diamond at 1332 cm~ ! is more
pronounced for the polymerized fullerenes. This im-
plies, in particular, that the appropriate phonon modes
of the polymeric fullerenes involve atomic motions of
the sp3-like coordinated carbon atoms as in the case of
the T4, mode of diamond.

We finally consider the very large values of 4; for the
H,(1) and A4(1) modes in the 2D(T) polymer. These
modes are greatly affected by the Van der Waals in-
teraction between the 2D polymeric layers due to the
out-of-plane nature of the relevant atomic motions. In
addition, the deformation of the fullerene molecular
cage related to the additional 3D polymeric bonding
also contributes to the large values of +; for these two
modes.

3.3. Photoluminescence and electronic
spectrum

The photoluminescence spectra of the 2D(T) poly-
meric phase of Cgg, for pressures up to 3 GPa and room
temperature, recorded for various increasing and de-
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creasing pressure runs, are shown in Fig. 6a and Fig. 65,
respectively. The inset in Fig. 6b shows the photolu-
minescence spectrum of the 2D(T) polymer in com-
parison with the photoluminescence spectra of pristine
Cgo at room temperature and at 10 K [44]. The fluo-
rescence intensity in the 2D(T) polymer is noticeably
higher than in pristine Cgg. This is related to the fact
that the lowest excited singlet state of the Cgg molecule
has the Ty, symmetry and optical transitions to this
state are dipole forbidden [45,46]. In solutions, the
fluorescence of Cgo is related to the vibronically as-
sisted Herzberg—Teller transitions [47], whereas in the
solid state, the additional increase of the fluorescence
quantum yield is related to the violation of the sym-
metry restrictions by the presence of crystal impurities
and defects. The polymerization reduces the molecular
symmetry from I, in pristine Cgg to Do, in the 2D(T)
polymer and eliminates the symmetry restrictions lead-
ing to an essential increase in the photoluminescence
quantum yield.

Ag can be seen from the inset in Fig. 6b, the pho-
toluminescence spectrum of the 2D(T) polymer differs
from that of pristine Cgg in both the intensity distribu-
tion and the onset of luminescence. The well-structured
low-temperature photoluminescence spectrum of the
high-quality single crystals of Cgp is mainly related to
excitons localized on defects or impurity levels [44, 48].
On the contrary, the photoluminescence spectrum of
Cgo at room temperature consists of two broad bands
and is related to the vibronically assisted transitions
from the lowest singlet 7%, level (the first band at
about 1.665 ¢V). The most intense bands in the photo-
luminescence spectrum of the 2D(T) polymer located
near 1.533 eV and 1.435 eV are related to the fluores-
cence of the host 2D(T) polymer, while the weak shoul-
ders at higher energies (near 1.748 eV and 1.661 eV)
originate from the impurity phase of 2D(R) that is
present in the 2D polymeric samples [49]. We note that
the very sharp lines in Figs. 6a and 6b near 1.785 eV
are related to the Ry and Ry luminescence bands of the
ruby chips used for pressure calibration [27].

The increase of pressure results in a gradual shift of
the photoluminescence spectrum to lower energies, low-
ering and redistribution of the fluorescence intensity.
These changes are absolutely reversible in the pressure
range investigated (P < 4 GPa), as can be seen in
Fig. 6. The integrated intensity of the photolumines-
cence spectrum rapidly decreases with the increase of
pressure and recovers its strength nearly to its initial
value after the total pressure release.

The pressure dependence of the band positions in
the photoluminescence spectrum of the 2D(T) poly-
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Fig.6. Photoluminescence spectra of the 2D(T) polymer at 300 K and various pressures for the increasing () and decreas-
ing (b) pressure runs. Inset: photoluminescence spectra of pristine Cgp at 10 K and 300 K in comparison with that of the
2D(T) polymer at room temperature

mer is shown in Fig. 7. The open (closed) trian-
gles, squares, circles, and diamonds are related to
the bands near 1.748, 1.661, 1.533, and 1.435 eV
for the upstroke (downstroke) pressure runs, respec-
tively. The open hexagons show the pressure depen-
dence of the first peak in the fluorescence spectrum
of pristine Cgp [44] and are included in the figure for
comparison. The pressure-induced shift OE/OP for
the photoluminescence bands of the 2D(T) polymer
varies from —9 meV/GPa to —17 meV/GPa, whereas
the corresponding value for pristine Cgg is equal to
—78 meV/GPa. The large difference in OE/OP leads
to the intersection of the pressure dependences for the
2D(T) polymer (circles) and pristine Cgo (hexagons)
near 1.9 GPa, which is close to 2.2 GPa used in the
HPHT treatment procedure for the production of the
2D(T) polymer. This implies that the fluorescence on-
set in the 2D(T) polymer is shifted to lower energies
mainly because of the decrease of the intermolecular
distances caused by the formation of the polymer. On
the contrary, the deformation of the Cgg cage in the

polymer, which leads to the lowering of molecular sym-
metry, does not essentially affect the shift of the elec-
tronic spectrum.

We can calculate the deformation potential

oE,

OF
D=—9__ —
oln(Vy/V) '

- _B
“op

where E; is the direct gap and By is the bulk modulus
of the material, using the experimental data concern-
ing the pressure-induced shift of the photoluminescence
bands, E/OP, obtained for both materials. Taking
into account that the position of the first band in the
photoluminescence spectrum coincides with the direct
gap (in the case of vibronically-assisted transitions, it
differs from the phonon energy), we obtain D = 0.42 eV
and D = 1.09 eV for the 2D(T) polymer and pristine
Ceo, respectively. It is interesting to note that a notice-
able increase of the bulk modulus in the 2D(T) polymer
compared to pristine Cgg does not result in a similar in-
crease of the deformation potential due to the lowering
of the pressure-induced shift of the electronic spectrum.
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Fig. 7. Pressure dependence of the fluorescence bands

in the photoluminescence spectra of the 2D(T) poly-

mer and pristine Cgo. Open (closed) triangles, squares,

circles, and diamonds show various bands of the 2D(T)

polymer for the increasing (decreasing) pressure runs.

Open hexagons show the first fluorescence band of pris-
tine Cgp for an upstroke pressure run

4. CONCLUSIONS

The Raman scattering data under high hydrostatic
pressure show that an irreversible transformation
occurs in the 2D(T) polymeric phase of Cgy above
20 GPa. The new phase is preceded by a pretransi-
tional state characterized by diffuse Raman peaks. The
spectrum of the high-pressure phase remains intense
and well resolved at pressures as high as 30 GPa. The
phonon modes of the high-pressure phase, especially
in the high-energy region, are noticeably different
from those of the initial 2D(T) polymer; nevertheless,
they can be tracked back to the phonon modes re-
lated to the fullerene molecular cage. The recovered
high-pressure phase is metastable and detonates under
laser irradiation. The main part of the detonated
sample is a mixture of monomeric and dimeric Cgg,
showing that the fullerene molecular cages are retained
in the high-pressure phase. The high-pressure phase
seems to be related to further creation of covalent
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bonds between molecules belonging to the adjacent
polymeric layers in accordance with the theoreti-
cally predicted 3D polymerization of the 2D(T) Cgq
polymer at 20.2 GPa [12]. Our Raman experiments
reveal that the 3D polymeric Cgy resulting from the
application of high pressure on the 2D(T) polymer
is not related to the previously observed ultrahard
fullerite phases [1,8,9]. The electronic spectrum of
the 2D(T) polymer is noticeably different from that
of pristine Cgg. This difference is related both to the
deformation of the fullerene molecular cage caused by
the polymerization of material and to the decrease of
the in-plane intermolecular distances in the 2D(T)
polymer.
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