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Pressure-induced phase in tetragonal two-dimensional polymeric C60
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The behavior of the phonon modes of the tetragonal phase of the two-dimensional polymerized C60 has been
studied as a function of pressure, up to 27.5 GPa, at room temperature by means of Raman spectroscopy.
Gradual transformation of the material to a new phase was observed in the pressure region 19.0–21.0 GPa. As
a result of this phase transformation dramatic changes in the Raman spectrum have been recorded. Namely, the
total number of bands was reduced and a number of very strong peaks appeared. The Raman spectrum
characteristics provide strong indication that the fullerene molecular cage is retained and therefore the high-
pressure phase may be related to a three-dimensionally polymerized C60 phase. The high-pressure phase
remains stable upon pressure decrease from 27.5 down to 9 GPa. Further release of pressure leads to the
destruction of this high-pressure phase to a highly disordered structure whose broad features in the Raman
spectrum resemble those of amorphous carbon.
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INTRODUCTION

The behavior of C60 fullerite under high pressure has be
studied intensively in recent years due to the great intere
its pressure response. A variety of structural transformati
of fullerite to amorphous graphite, diamond and ‘‘collapse
fullerite, as well as to other crystalline carbon networ
were reported at the early stages of fullerene studies.1–4 Later
new phases of polymerized fullerites have been synthes
starting from the pristine C60 material by the use of high
pressure and high-temperature treatment.5–7 The various
crystal structures of the polymers have been identifi
clearly as one-dimensional orthorhombic,6 two-dimensional
tetragonal,6 and two-dimensional rhombohedral phases5,6

The polymerization is attained by the so-called@212# cy-
cloaddition mechanism via the formation of the fou
membered rings between adjacent fullerene molecule8,9

The most interesting results are those which led to the th
dimensional polymerization of fullerite,10,11 a first stage to
the synthesis of ultrahard phases.12

Recently, Okadaet al.13 have shown theoretically the pos
sibility of three-dimensional~3D! polymerization of fullerite
using the density-functional theory. They have predicted t
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the three-dimensionally polymerized fullerite might b
formed by the application of uniaxial pressure on the tw
dimensional~2D! polymeric tetragonal phase of C60. Ac-
cording to their calculations, polymerization will take plac
at a value of the lattice constantc510.7 Å, which will be
attained at pressure of 20.2 GPa. This polymerization w
result in the formation of a stable phase with metallic pro
erties and with 24sp3 and 36sp2 hybridized C atoms in each
C60 molecule. To explore this prediction we have studied
pressure response of the two-dimensional tetragonal60
polymer at pressure up to 27.5 GPa by means of Ram
spectroscopy using the high-pressure diamond anvil
~DAC! technique. Our studies have focused on the exp
mental verification of the theoretical predictions,13 as well as
on the investigation of the pressure behavior of the pho
modes of the 2D polymer of C60.

EXPERIMENTS AND RESULTS

The samples used in the present study were prepared
sublimed 99.99% pure pristine C60 powder pressurized in a
piston and cylinder device. The material was subjected
pressures in the range 2.3–2.5 GPa at a temperature of a
820 K to obtain 2D polymerized C60.

14 X-ray analysis of the
©2001 The American Physical Society06-1
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samples from the same batch after the high-pressure t
ment confirmed that the crystal structure of the polyme
tetragonal ~space group Immm, a59.082 Å and c
514.990 Å).15

Raman spectra were recorded using a triple monoc
mator ~DILOR XY-500! equipped with a CCD liquid-
nitrogen cooled detector system. The spectral width of
system was;4 cm21. The 514.5 nm line of an Ar1 laser
was used for excitation. The laser power was varied from
to 30 mW measured directly before the cell. Measureme
of the Raman spectra at high pressures were carried out u
a diamond anvil cell of Mao-Bell type.16 The 4:1 methanol-
ethanol was used as pressure transmitting media and
fluorescence technique was used for pressure callibratio17

The phonon frequencies were calculated by fitting Vo
functions to the experimental Raman spectra of the polym

The Raman spectra of the C60 two-dimensional tetragona
polymer in the frequency region 200–2000 cm21 and for
pressure up to 27.5 GPa are illustrated in Fig. 1. The ini
spectrum at 1.1 GPa represents a typical Raman spectru
this material and is identical with the spectra repor
earlier.18,19 This spectrum is richer in structure than that
the pristine C60 due to the splitting of the Raman active fiv
fold degenerate (Hg) phonon modes or to the activation o
silent modes. As the pressure increases the frequencies
the widths of the Raman bands gradually increase.
broadening of the Raman peaks is further enhanced for p
sures higher than 13 GPa partly due to the solidification

FIG. 1. Raman spectra of the 2D tetragonal C60 polymeric phase
at room temperature for various pressures up to 27.5 GPa, reco
upon pressure increase.
05410
at-
s

o-

e

6
ts
ing

by
.
t
r.

l
of

d

nd
e
s-
f

the pressure-transmitting medium. The most import
changes in the Raman spectrum take place in the pres
region between 19 and 21 GPa. In the midpoint of this reg
the Raman spectrum of the material becomes very weak
structureless that is somehow similar to the Raman spect
of amorphous carbon. At pressures above 21 GPa a Ra
spectrum appears which is probably related with a mate
transformation to a new phase. Further increase of press
up to 27.5 GPa, results in intensity enhancement of mos
the observed peaks. The high-pressure Raman spectrum
fers significantly from the initial one in respect to the numb
of peaks, their intensities, and positions. Despite the app
ance of very intense peaks the total number of Raman ac
modes in the final spectrum is almost half of the correspo
ing number of modes in the lower pressure phase. The h
pressure peaks are located in the frequency region ab
1000 cm21, with the most intense of them being at a fr
quency of;1850 cm21. A number of less intense peaks a
located in the frequency region below 1000 cm21. The ma-
jority of the peaks can be tracked back to the peaks obse
in the tetragonal C60 polymer and may be related to th
fullerene molecular cage. Nevertheless some of the pe
located in the high-energy region, do not have an obvio
relation with the fullerene molecular cage and may hav
different origin.

Figure 2 shows the Raman spectra of the material un
pressure release. The decrease of pressure from 27.5 do
9 GPa does not lead to any observable changes in the Ra

FIG. 2. Raman spectra of the high-pressure phase of the 2D60

polymer at room temperature for various pressures recorded u
pressure decrease.
ed
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intensity distribution and the phase remains stable un
pressure release in this high-pressure region. Further
crease of pressure results to a rapid vanishing of all pro
nent features in the Raman spectrum. At pressures lower
9 GPa the spectrum loses most of its structure and cont
two very broad and weak peaks at;420 cm21 and
;1580 cm21. This spectrum is similar to the Rama
spectrum of amorphous carbon. The narrow peak
;1840 cm21 is retained in the spectrum down to a press
of 1.6 GPa and is most likely related to a trace of the h
pressure phase.

Figures 3 and 4 show the pressure dependence of a n
ber of Raman active modes of the C60 polymer in the pres-
sure region up to 27.5 GPa. The experimental data, show
circles and triangles, were obtained in two independent p
sure runs. The open~solid! circles show the pressure depe
dence of the phonon frequencies under pressure increas~re-
lease! up to 12 GPa. The open~solid! triangles are related
with the second pressure run and show the pressure de
dence of the same phonon modes under pressure inc
~release! from ambient up to 27.5 GPa. The solid lines re
resent linear least-square fittings to the experimental d
both for increase and release of pressure in the region u
20 GPa. The dashed lines represent linear least-square fi
the experimental data in the pressure region 20–27.5 GP
increasing pressure and for the whole region of the do
stroke circle. The data obtained in the pressure region u
12 GPa coincide, within the experimental accuracy, for b

FIG. 3. The pressure dependence of the Raman modes o
tetragonal phase of the 2D-C60 polymer, in the frequency region
1380–1960 cm21. The open~solid! symbols denote data taken fo
increasing~decreasing! pressure; different symbols represent da
from different experimental runs. The dashed areas around 961
and 2061 GPa denote pressure ranges of the phase changes.
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pressure runs. The pressure dependence of the ph
modes, up to 12 GPa, does not show any phase transition
is totally reversible with pressure. On the contrary the pr
sure behavior of phonon modes in the pressure region u
27.5 GPa is not reversible and shows clearly a phase tra
tion around 20 GPa~dashed area!. The slopes of the linea
fits of the pressure dependence of Raman frequencies ch
abruptly near;20 GPa, and a number of additional Ram
peaks appear at higher pressure, while some of the p
disappear. The dashed area near 9 GPa shows the lower
of stability of the high-pressure phase. At this pressure
Raman spectrum of the material changes dramatically
the majority of the Raman modes disappear. At lower pr
sures the spectrum contains two very broad peaks and
sidual peak of the most intense one, observed in the h
pressure phase at;1840 cm21. These data indicate that th
high-pressure phase may not be stable below;9 GPa under
the present experimental conditions and transforms to a s
which may be disordered.

DISCUSSION

The experimental data, obtained by means of hig
pressure Raman study of the tetragonal two-dimensio
polymeric phase of C60, provide a strong indication that th
material undergoes a phase transition at;20 GPa. The spe-
cific behavior of the Raman spectrum in the pressure reg
near the phase transition, namely, the gradual transforma
from the initial well defined spectrum to a very diffuse an
structureless one followed by a further transformation,

he FIG. 4. The pressure dependence of the Raman modes o
tetragonal phase of the 2D-C60 polymer in the frequency region
780–1150 cm21. The symbols have the same meaning as in Fig
6-3
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higher pressure, to a spectrum containing sharp and wel
fined peaks, may be related to the high-pressure indu
three-dimensional polymerization of the material. The int
mediate diffuse spectrum is associated, in our opinion, wi
disordered precursor state of the material when a numbe
double C5C bonds in the fullerene cage are destroyed i
random way, whereas the polymeric bonds between adja
molecules are not yet established. The wide pressure re
where the material transformation takes place, as well as
irreversibility of the transformation, are related to the fa
that the high-pressure induced polymerization is not exa
a phase transition but a solid state chemical reaction.

The reduction of the total number of the Raman act
modes in the high-pressure phase indicates a higher sym
try for this phase. The appearance of additional well defin
strong Raman modes in this phase of C60 may be associated
with some changes in the fullerene molecular cage and
creation of out of plane polymeric network resulting in thre
dimensional polymerization. For example, the increa
number of thesp3 hybridized carbon atoms per C60 molecule
may result in the enhancement of the Raman mode simila
that of the diamond mode at 1332 cm21. We think that the
Raman mode at 1150 cm21 conforms to this case. The dif
ference in frequencies may be associated with the increas
thesp3 bond length from 1.54 Å in diamond to 1.60 Å in th
three-dimensionally polymerized C60.13 Concerning the
most intense Raman peak of the high-pressure phase at
cm21, it should be mentioned that this cannot be related t
fullerene molecular-cage mode and, most likely, it has d
ferent origin. Assuming that the high-pressure phase
volves a three-dimensional interfullerene bonding, we m
.
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attribute this peak to the stretching vibration of the dou
C5C bonds, which should be involved in the thre
dimensional network of the polymerized material.20

Despite the theoretical prediction,13 the high-pressure
phase is not stable and transforms to a different one un
pressure release below 9 GPa. The Raman spectrum o
final phase has similarities with that of amorphous carb
We do not exclude that the latter phase transition may
also related to the second step of the insulator-to-metal ph
transition predicted in Ref. 13 as a single phase transi
from two-dimensional to three-dimensional polymer of C60
with metallic properties. In any case the Raman data
tained in the present study do not contradict this suggest
We also think that the detailed study of the high-press
phase, by means of other experimental methods is neede
order to shed light on the nature of this phase. In our opini
the most important would be anin situ x-ray diffraction
study of the phase transition in the 2D tetragonal polyme
C60 at high pressure. This may provide complete informat
about the structural characteristics of this high-press
phase, as well as the nature of the final state obtained u
pressure release.
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