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Pressure-induced polymerization of C60 at high temperatures: An in situ Raman study
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In situ Raman spectroscopy data of C60 polymerization under high-temperature–high-pressure conditions are
presented. We have studied a diagonal section of theP-T diagram starting from room temperature and a
pressure of 5.5 GPa, heating the sample up to 780 K and 1.5 GPa, followed by a cooling of the sample back
to room temperature and a pressure of 7.5 GPa. Only known one- and two-dimensional polymeric phases of
C60 were observed. X-ray diffraction from a quenched sample obtained with synchrotron radiation showed that
it consists of a mixture of orthorhombic and tetragonal phases with a small addition of rhombohedral phase. A
P-T diagram based on ourin situ data is in good general agreement with similar diagrams constructed fromex
situ studies data.

DOI: 10.1103/PhysRevB.65.245413 PACS number~s!: 61.48.1c, 62.50.1p, 61.50.Ks
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I. INTRODUCTION

It is well known that a high-pressure–high-temperatu
treatment~HPHT! of C60 below 9 GPa and 900 K leads t
the formation of several kinds of one- and two-dimensio
polymers,1–5 while three-dimensional polymers typically a
formed at higher pressures.6,7 Several differentP-T diagrams
have been published in the literature to describe the ph
compositions at different temperatures in this pressure re
~,9 GPa!.4,5,8 It is important to note that these diagrams a
not phase diagrams since C60 is a metastable modification o
carbon, and the term ‘‘equilibrium phases’’ should not
used. The published diagrams exhibit some similarities
also some important differences. This can only partly be
plained by differences in the experimental procedures~use of
hydrostatic or nonhydrostatic pressure, variation in hea
times, applied analysis technique, etc.!. For example,
Sundqvist5 reported that a chainlike orthorhombic phase
formed at moderate temperatures~.350 K! and the pressure
range 1–8 GPa. In contrast, Davydovet al. recently reported
that a dimeric phase is formed at room temperature at p
sures above 1 GPa,4 and their observations of orthorhomb
phase have been limited to pressures below 2 GPa. Fur
more, an x-ray-diffraction study by Benningtonet al.9 also
showed no orthorhombic phase for 2.6 and 5.7 GPa. A g
eral observation, however, is that two-dimensional polym
with a rhombohedral or tetragonal structure have been fo
to form at temperatures above 500–600 K.4,5,9 The stability
regions for these phases are unclear and differ from one
vestigation to another, but the rhombohedral phase seem
be favored by a higher pressure. Some studies showed
multiphase regions in theP-T diagrams.5,10 The published
P-T diagrams also show that monomeric, unpolymerized60
is stable at low pressures and high temperatures. Today,
man spectra have been recorded for all one- and t
dimensional polymeric phases, and characteristic feature
the spectra have been identified for each phase. Some o
most typical signatures for polymerization are~i! a shift of
theAg(2) mode originally found at 1469 cm21, proportional
to a number of square rings connecting neighboring C60 mol-
0163-1829/2002/65~24!/245413~10!/$20.00 65 2454
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ecules; ~ii ! peaks originating from square ring vibration
around 900–1000 cm21, and~iii ! peaks below 200 cm21 due
to intercage vibrations.4,5,8

A problem with all previous Raman HPHT studies is th
they have been carried outex situ. This means that the
samples have been heated and pressurized, and
quenched~cooled down and pressure released!. Characteriza-
tion with a suitable analysis technique has then been car
out at room temperature and normal pressure. A prob
with this procedure is that the phase composition can
changed during quenching. There are numerous exam
where high-pressure phases can be observedin situ at HPHT
conditions but not observedex situ in quenched sample
~e.g., of Fe, TiO2 , and CaSiO3!. Recently in our laboratory
we also observed that pressurized thin-film-samples of60
change phase composition during the quenching procedu11

Furthermore, the heating may also change the pressure in
a compressed volume due to technical reasons.Ex situstud-
ies leave this aspect impossible to evaluate and may give
to erroneous data points in aP-T diagram. Finally, it must
also be noted that most of the studies used by Sundqvis
construct theP-T diagram for C60 were obtained using hy
drostatic conditions. Nonhydrostatic pressure conditio
have been shown to produce polymerization of C60 even at
room temperature at pressures above approximately 7 GP12

From the discussion above, it is clear thatin situ studies
are required to determine the phase compositions at
HPHT conditions. Hitherto, technical problems have
stricted in situ Raman studies of C60 at high pressures to
room temperature. In this work, however, we present the fi
true in situ Raman study of C60 polymerization at HPHT and
nonhydrostatic conditions. Thein situ results are compared
with previousex situstudies.

II. EXPERIMENT

Powder samples of freshly sublimed C60 ~99.95% purity,
MER Corporation! were studied using the TAU-type
diamond-anvil cell~DAC! ~Ref. 13! with 250-mm flat culets
without pressure transmitting medium. Powder of C60 and
©2002 The American Physical Society13-1
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several 2–3-mm size ruby chips were loaded in the hole, 1
mm in diameter, drilled in a Re gasket. Initial thickness of t
sample was 35mm. The pressure variation at the maximu
pressure~5.5 GPa! was61 GPa within 100mm of the cen-
tral part of the sample. The Raman spectra were meas
from the same spot close to the center of the sample.
diameter of the analysis area was less than 5mm.

The cell was placed into a resistively heated ceramic s
with a glass window and a nitrogen flow was used inside
heater to prevent cell oxidation; see Fig. 1. The tempera
was controlled by aK-type thermocouple inserted inside th
cell at the diamond-gasket interface. Pressure was meas
using the ruby fluorescence scale corrected for tempera
effects.14 In the HPHT experiments, the samples were pr
surized to 5.5 GPa and heated slowly to 780 K step by s
During the heating-cooling cycle, Raman spectra were
corded using short measurement times at every 10 K
every 100 K, the temperature was allowed to stabilize
10–20 min and Raman spectra were recorded using lo
acquisition times~30–60 min!. It must be noted, however
that at the highest temperatures~around 780 K! the heating
time was reduced~10–15 min! in order to decrease the ris
of cell damage. The total cycle time for an experiment w
about 9 h. After completion of the heating-cooling cycle t
pressure in the cell was found to be 7.5 GPa. This is abo
GPa higher than the initial pressure, and shows that s
pressure changes have occurred during the experiment.
variations of the pressure during an experiment are relate
a mechanical relaxation of the DAC.

A Renishaw Raman 2000 spectrometer with 514- a
785-nm lasers was used in the experiments. Raman sp
were recordedin situ during a heating-cooling cycle throug
the diamond anvils using a long focus 503 objective. With
such an objective the studied area is approximately 5m in the
focal plane, and the depth of the focus is less than 10mm. Ex
situ spectra were also obtained from quenched samples.
ing the heating-cooling cycle, the 785-nm laser was used
spectra recording, since it provided a much better signal
noise ratio than the 514-nm laser and therefore made it

FIG. 1. Scheme of the experimental setup.
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sible to record acceptable spectra with rather short acqu
tion times. Before and after heating, as well as af
quenching, spectra were also recorded with the 514-nm la
since this wavelength was used in the most of the stud
presented in the literature. The resolution was 2 cm21 in all
of our experiments. ThePEAKFIT software was used for fit-
ting of spectra with Voigt functions after background su
traction. It shall be noted that below approximately 400–5
cm21 the quality of the spectra was less good due to int
ference effects.

Precise pressure calibration turned out to be a diffic
problem since the ruby luminescence peaks were weak
the 785-nm laser, especially at high temperatures. Theref
separate experiments were performed using the 514-nm
ser. This experiment showed a linear decrease of the pres
with increasing temperature. At about 800 K the press
decreased at approximately 3–4 GPa. We also found tha
position of the diamond peak~at around 1332 cm21 at RTP!
originating from the anvils can be used for monitoring pre
sure during the heating. The diamond peak position w
found to shift linearly with temperature. For pressure a
temperature calibration of the diamond peak we need
reference points with a known temperature and pressure.
two reference points were set to 293 K 5.5 GPa and 78
1.5 GPa, respectively. With a knowledge of the temperat
in every point of our measurements and using the shift of
diamond peak relative to the reference two points, we
assign each Raman spectrum to a certain point in aP-T dia-
gram for C60.

Two-dimensional~2D! x-ray-diffraction patterns of the
quenched samples were taken in transmission geometr
the ID30 beamline at the European Synchrotron Rad
tion Facility ~ESRF, Grenoble, France! with the MAR345
detector using an x-ray beam of 0.3738-Å wavelengths an
size of 20310mm2. The Detector-to-sample distance w
350 mm. The collected images were integrated using
FIT2D program in order to obtain a conventional diffractio
spectrum.

III. RESULTS AND DISCUSSION

A. General observations

As can be seen in Fig. 2~a!, a room-temperature Rama
spectrum of a sample pressurized to 5.5 GPa is slightly
ferent compared to the pristine C60 spectrum. An asymmetric
shape of theAg(2) mode and a strong change in relati
intensity of some peaks indicate that a fraction of polyme
phase~dimers or chains! is already present at room temper
ture. The spectra in Fig. 2 also show the appearance
number of new peaks at higher temperature. This indica
that the degree of polymerization increases as a function
temperature. Surprisingly, however, a maximum in polym
ization can be seen at about 670 K. A further increase
temperature leads to the reverse process, and at 780 K
polymers have decomposed and the Raman spectrum is
similar to that of pure, unpolymerized C60 @see Fig. 2~b!#.
The decomposition of the polymeric phases at high temp
tures can easily be explained by the fact that the pres
during heating is reduced~see Sec. II!. It is known that C60
3-2
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FIG. 2. In situ Raman spectra recorded durin
the heating for two temperature intervals:~a! 290
K ~5.5 GPa!–670 K ~2.3 GPa! and ~b! 670 ~2.3
GPa!–780 K ~1.5 GPa!. The top spectrum in~b!
is recorded from pristine C60 ex situat ambient
conditions.
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polymers depolymerize at ambient pressure if heated to 4
500 K.15 We know from our experiments that the pressure
780 K should be about 1.5 GPa~see Sec. II!. It should also
be noted that the phase diagram recently published by S
dqvist and co-workers shows that the one and tw
dimensional polymeric C60 phases will decompose to mono
meric C60 at about 1–1.5 GPa at 780–800 K.5,8,16

From the results above we can conclude that we not h
made a vertical section in theP-T diagram but rather a diag
onal section connecting room temperature and 5.5 GPa
our reference point at 780 K and 1.5 GPa. Also, during co
ing we observed a linear increase of the pressure. Dow
approximately 520 K the pressure increased very closel
the pathway observed during the heating. Below this te
perature, the actual pressure during cooling was higher c
pared to corresponding point on the heating curve leadin
a final pressure of 7.5 GPa.

B. Raman analysis during heating

The spectra obtained during heating and cooling sh
some differences, and will therefore be discussed separa
As mentioned above, the heating experiments show an in
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polymerization, which achieved a maximum at 670 K fo
lowed by decomposition of polymeric C60 to the monomeric
phase. Different polymers of C60 can be identified by com-
paring theAg(1) andAg(2) modes at different temperature
as shown in Figs. 2~a! and 2~b!. A problem with the interpre-
tation of the spectra is that the shifts of the C60 peaks due to
polymerization must be separated from shifts due to chan
in pressure and temperature. A more precise determinatio
the phase composition is possible since it is known that
position of theAg(2) mode is downshifted by 5, 10, and 2
cm21 for dimeric, one-dimensional orthorhombic, and tw
dimensional tetragonal phases, respectively.17 It is reasonable
to suggest that the relative positions of these peaks rem
similar under HPHT conditions, but a clear reference poin
required since even at room temperature our sample is p
polymerized. As shown above the sample at 780 K and
GPa consists mainly of monomeric C60. We have used the
Ag(2) peak of unpolymerized C60 at this temperature and
pressure as a reference peak, and will therefore discuss
Raman spectra starting at the highest temperature and
tinue down to room temperature.

The monomeric C60 at 780 K is formed by a decompos
tion of a polymeric phase. At temperatures below 780 K
3-3
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FIG. 3. Peak positions during the heating
different temperatures~and pressures, see th
text! for Ag(2) modes of the following phases
s, monomeric;d, mixture of monomeric and
dimeric polymers;m, mixture of dimeric and
chain polymers;n, orthorhombic~chainlike!; j,
tetragonal~2D!.
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peak can be seen which is downshifted with about 10 cm21

compared to theAg(2) mode of unpolymerized C60 @see Fig.
2~b!#. This peak can be attributed to a chain polymer with
orthorhombic structure.4,8 The intensity of the orthorhombic
peak clearly dominates the spectrum at 740 K, but is redu
at higher temperatures as the orthorhombic phase decom
into monomeric C60. The depolymerization can be followe
directly by comparing the relative intensities of theAg(1)
modes at 500 cm21, which can be assigned to unpolymeriz
C60, and the peak at about 490 cm21 which can be assigne
to the orthorhombic and tetragonal polymers.4 As can be
seen in Fig. 2~b!, the intensity of the polymer peak is reduce
with increasing temperature, and at 780 K the typical sp
trum of monomeric C60 is observed. A small amount o
orthorhombic phase is still present at this temperature b
decreases with increasing time of the high temperature tr
ment.

Below 740 K, a shoulder can be observed with a dow
shift of about 20 cm21 compared to theAg(2) mode of un-
polymerized C60. This peak can be attributed to the tw
dimensional tetragonal phase with four square rings per C60.
At 670 K and 2.3 GPa, the intensity of the tetragonal pea
more or less equal to theAg(2) peak from the orthorhombic
phase. It should be noted that the positions of theAg(1)
modes of the orthorhombic and tetragonal phases are sim
and that this mode therefore can not be used as a sign
for these phases.4 At this temperature it is also clear that
third phase is present in the sample. This phase has pea
1409, 729, and 1621 cm21, and can be assigned to a tw
dimensional, rhombohedral phase described by, for exam
Davydov et al..4 It should be noted that this phase, whic
should contain six square rings per C60 molecule, seems to
fall outside the trend observed for theAg(2) mode peak
shift. The pure rhombohedral phase claimed to be obtaine
a recent study by Davydovet al.4 exhibits anAg(2) peak at
1406 cm21 at ambient conditions which would correspond
12 square rings per molecule assuming a shift of 5 cm21 per
square ring. However, 12 square rings per C60 molecule re-
quire a three-dimensional polymerization although all ot
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experimental data~e.g., x-ray diffraction, density measure
ments! show that this phase is a two-dimensional polyme
phase.

Figures 2~a! and 2~b! show that at 670 K and 2.3 GPa w
have the highest degree of polymerization with a mixture
three phases: an orthorhombic chain polymer, a tetrago
two-dimensional polymeric phase, and a rhombohedral tw
dimensional polymeric phase. The formation of this mixtu
during heating from room temperature can be followed
Fig. 2~a!. At lower temperatures, theAg(2) mode can be
attributed mainly to the monomeric phase~with addition of
small amount of dimers!, but above 470 K this feature i
dominated by contributions from the orthorhombic and
tragonal phases. The formation of the rhombohedral ph
can clearly be seen at about 450–470 K, and the rela
intensity of the peaks from this phase increases up to 670
From the spectra in Figs. 2~a! and 2~b! it can be difficult to
identify the individual contribution of the different phases
theAg(2) feature. A peak-fitting program was therefore us
to resolve the different peaks in each spectrum, and the
sults are summarized in Fig. 3, where the peak positions
each phase~except the rhombohedral! are given as a function
of temperature during the heating step. The plot shows
no monomeric phase is observed between about 470 and
K. According to literature data, the shifts of the orthorhomb
and tetragonalAg(2) peaks relative to theAg(2) peak of the
monomeric phase are 10 and 20 cm21, respectively@i.e., the
shift of theAg(2) peaks between tetragonal and orthorho
bic phase is about 10 cm21#. Figure 3 shows that this is th
case in the temperature region 670–780 K. In contras
slightly different behavior can be observed between ab
450 and 570 K. In this region the shift between the tetrago
and orthorhombic peaks is about 15 cm21. Furthermore, the
downshift of the assumed orthorhombicAg(2) peak relative
the monomeric peak is only about 5 cm21. These shifts are
consistent with the formation of a dimeric phase. We the
fore suggest that the sample between 450 and 570 K con
of a dimeric phase or more likely a mixture of the orth
rhombic and dimeric chain polymer. The fraction of th
3-4
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FIG. 4. In situ Raman spectra recorded durin
the cooling for temperature intervals:~a! 770 ~1.5
GPa!–675 K ~2.5 GPa! and ~b! 675 ~2.5 GPa!–
290 K ~7.5 GPa!
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orthorhombic phase in this mixture increases at higher t
peratures. The formation of the dimeric phase at low te
peratures was previously reported in the literature by Da
dov et al.4 It should be noted that the dimeric phase ha
typical intermolecular mode at 97 cm21 ~Ref. 9!, which can
be used as a fingerprint. Unfortunately, however, we h
strong interference effects at this frequency range and h
been unable to detect this mode as well as similar modes
other polymers.

In summary, the heating results show that dimeric a
orthorhombic chain polymers initially are formed as the te
perature is increased. Above 470 K, tetragonal and rhom
hedral polymers can be seen in the spectra. At 670 K~2.3
GPa! ~where the highest degree of polymerization is o
served! we have a mixture of three phases: an orthorhom
one-dimensional chain polymer, a tetragonal tw
dimensional polymer with four square rings per C60, and a
rhombohedral two-dimensional polymer with six squa
rings per C60. It is also clear that heating from 670 K~2.3
GPa! to 780 K ~1.5 GPa! leads to a depolymerization of firs
the rhombohedral phase, followed by the tetragonal ph
and finally the decomposition of the orthorhombic phase
monomeric C60. Furthermore, the formation of two
dimensional phases also give rise to a number of additio
peaks in the spectral region 200–800 cm21, and to a sharp
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increase in intensity of the peaks around 1000 cm21. The
latter peaks have been assigned to vibrations of square r
connecting C60 molecules.17 In our spectra we can clearly se
that these peaks correlate well with the formation of the tw
dimensional phases.

C. Raman analysis during cooling

The phase composition during the cooling step was
ferent compared to the heating step. This shows that the
lymerization sequence is not reversible within the tim
frames of our experiment. Figure 4~a! shows the Raman
spectra recorded during cooling from 780 down to 675 K.
can be seen, the sample at 780 K~1.5 GPa! consists of
mostly pure monomeric C60, while at 675 K ~2.3 GPa! it
consist of mainly orthorhombic chain polymer. The transf
mation from monomeric phase to orthorhombic polymer c
be seen as a downshift of the bothAg(1) andAg(2) modes
by 10 cm21. Especially clear this transformation can be o
served for theAg(1) mode around 500 cm21. The intensity
of the peak from the orthorhombic polymer increases dur
the cooling, while the intensity of the peak from the mon
meric phase decreases. The same can be observed forAg(2)
peaks which are less sharp and more overlapped, but ca
resolved using fitting procedures. At 675 K, the sample c
3-5
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FIG. 5. Peak positions during the cooling
different temperatures~and pressures; see th
text! for Ag(2) modes of the following phases
s, monomeric;n, orthorhombic~chainlike!; j

tetragonal~2D!.
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sists mainly of the orthorhombic phase but small amounts
monomeric C60 and tetragonal phases are also present.
indication of the rhombohedral phase can be seen at
temperature.

The second part@Fig. 4~b!# of the cooling step is from 675
K ~2.3 GPa! to room temperature~7.5 GPa!. Here we ob-
serve an increase in the amount of the tetragonal phas
well as the appearance of a small fraction of the rhombo
dral phase. The highest degree of polymerization can be
at 510–490 K. It must be noted, however, that the maxim
intensities of the peaks from rhombohedral phase were
eral times lower during cooling compare to the heating r
During the final part of the cooling step from 510 K~5.6
GPa! to room temperature~7.5 GPa!, only very small
changes in the relative intensities of the peaks could be
served. This means that at room temperature and 7.5 GP
have a mixture of mainly orthorhombic and tetragon
phases with a smaller amount of the rhombohedral ph
The monomeric C60 was also observed during the enti
cooling step, but it decreased significantly and at room te
perature was present only as a very small impurity. The sh
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of the Ag(2) modes of the monomeric, orthorhombic, a
tetragonal phases calculated using a peakfitting proced
are shown in Fig. 5. As can be seen, the cooling data sho
very stable correlation between the modes with a cons
shift of 10 and 20 cm21 of the orthorhombic and tetragona
modes, respectively, relative to the monomeric mode.

D. Raman spectroscopy of a quenched sample

Figure 6 shows anin situ Raman spectra from the samp
after the heating-cooling cycle at room temperature and
GPa together with a spectra recorded after pressure rel
~quenching!. Well-resolved peaks from the spectra record
after pressure release are listed in Table I. A fitting of t
spectra from the quenched sample in Fig. 7 shows that
most intense component of theAg(2) mode belongs to the
orthorhombic phase~1460 cm21!, followed by the tetragona
phase~1448 cm21!, while less intense peaks of the rhomb
hedral phase are situated at 1410 and 1432 cm21. It is pos-
sible that the latter line can be aHg(7) mode from an ortho-
ed

le
-

FIG. 6. Raman spectra of the quench
sample recordedex situ~a! compared within situ
spectra of the sample after heating-cooling cyc
at 290 K ~b! Diamond peaks from anvils are la
beled asD.
3-6
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TABLE I. Peak positions observed in the Raman spectra of
sample after pressure release.

Raman
shift, cm21 Assignment

1623 ?
1565 Hg~8!
1469 Ag~2! monomeric
1460 Ag~2! orthorhombic
1448 Ag~2! tetragonal
1432 Hg~7! ?
1410 Ag~2! rhombohedral
1314 ?
1240 Hg~6!?
1196 ?
1108 Hg~5!
1088 ?
1042 ?

971 Square
953 ring vibrations?

772

Hg~4!- and
Hg~3!-derived modes

751
726
708
683
667
637

592 ?
532 F1u(1) ?
488 Ag~1!
451 ?
432 Hg~2!
395 ?

296
Hg~1! derived271

257
 o-

24541
rhombic or rhombohedral polymer, with a strongly increas
intensity compared to fcc C60. Peaks from monomeric C60
are very weak, which means that most of the sample is
lymerized. These modes are also observed in the spectr
corded from the sample before pressure release, but the
less well resolved and look more like one broad peak. T
peaks are also upshifted due to the higher pressure. A fit
of this peak gives positions ofAg(2) modes from the mono
meric, orthorhombic, and tetragonal phases at 1507, 14
and 1490 cm21 respectively, while peaks from the rhombo
hedral phase are observed at 1423 and 1456 cm21. The main
difference between spectra recorded before and after p
sure release is in the relative intensity of some peaks. Un
tunately, a direct comparison of intensity between the spe
is difficult since they are recorded with different lasers.
spectrum of the quenched sample could not be recorded
the 785-nm laser due to problems with a very high lumin
cence background. Nevertheless, we can see some clea
ferences between the spectra that cannot be due to the u
different lasers. The most remarkable observation is that
quenched spectrum has a clear and rather sharp featu
about 952 cm21 that is assumed to originate from squar
rings connecting the C60 molecules in the polymers. Thi
feature is very weak in the spectrum recorded at 7.5 G
Furthermore, the same behavior can be seen for the
Hg(1) mode at about 257 and 271 cm21. In fact, also most
other Hg modes seem to be more intense in the quenc
spectrum.

E. X-ray diffraction of a quenched sample

The results from the Raman analysis of the quenched
terial are in a good agreement with data obtained by sync
tron x-ray diffraction ~XRD!. An X-ray-diffraction image
taken with a beam direction nearly parallel to the uniax
direction of compression is shown in Fig. 8 together with
pattern integrated from this image. An analysis of the patt
shows that it could be indexed as a mixture of mainly orth

e

d
FIG. 7. Fitting of the spectrum of quenche
sample in the spectral region around theAg(2)
mode.
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FIG. 8. XRD of a quenched sample obtaine
using synchrotron radiation:~a! integrated pat-
tern, and~b! two-dimensional image. Peak in
dexes are shown for an orthorhombic structu
with the exception of~110!, which belongs to the
tetragonal phase~labeledT!.
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ram
rhombic phase together with some tetragonal phase. The
parameters of the orthorhombic phase were determine
a59.08 Å, b59.58 Å, andc514.85 Å using the 13 bes
peaks. These values are in good agreement with litera
data. It should be noted, however, that the sample hasb
axis, which is shorter than previously reported values of 9
10.0 Å.4,18 The shortening of theb parameter can be ex
plained by the partial tetragonal polymerization that
present as a disorder in the orthorhombic chain struct
Using a value 9.08 Å as a reference for theb parameter of
the pure tetragonal phase and 9.9 Å for the pure orthorh
bic phase, we could estimate a ratio of the orthorhombic
tetragonal phases of about 1.5. The 2D XRD patterns
showed a 6.44-Å line with two diffuse spots, which cann
be attributed to any reflections from the orthorhombic ph
but identified as~110! reflections from the tetragonal~Fig. 8!.
Therefore, a tetragonal polymerization is present in
sample as a separate phase and as a disorder within
orthorhombic phase. The presence of a~104! reflection from
the rhombohedral phase confirms the Raman data that
phase, together with the tetragonal phase, exists in s
amounts in the quenched sample. The inset in Fig. 8 sh
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not only Debye-Scherrer rings but also several spots du
the preferential orientation of grains. The symmetrical po
tion of these spots shows that the preferential orientatio
correlated to the direction of pressurizing. The Deby
Scherrer ring withd58.09 Å shows four spots which can b
indexed as$011% reflections from the orthorhombic phas
The ring with d54.93 Å shows six spots from the$112%
reflections of the orthorhombic phase. Very diffuse and we
spots from$103% reflections of the orthorhombic phase ca
also be recognized. It is also interesting to note that we
served only two spots from$110% reflections of the tetragona
phase. Taking into account the non hydrostatic conditions
pressurizing in our experiment, the preferential orientation
rather probable and explains the observed pattern.

F. Construction of an in situ P-T diagram

The results from the Raman analysis have been sum
rized in aP-T diagram shown in Fig. 9. This diagram is i
fact a diagonal section in theP-T space, and a number o
such sections are required to construct a complete diag
r-
g

n-
FIG. 9. P-T diagram showing phase transfo
mations observed during the heating-coolin
cycle. The phases are fcc, monomeric C60; D,
dimeric; O, orthorhombic;T, tetragonal; andR,
rhombohedral. The phase with the highest inte
sity in the Raman spectra is listed first.
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similar to that presented by, e.g., Sundqvist.5 Nevertheless,
the diagram allows us to compare thein situ experiments
with previously published results obtained byex situexperi-
ments. In Fig. 9 the phase with the highest intensity of
Ag(2) mode is listed first. This does not mean that this is
majority phase, since the cross sections of different po
meric phases are unknown and relative intensity can be u
only for qualitative assessment.

The phase relations observedin situ in Fig. 9 and theP-T
diagram based onex situdata in Refs. 4, 5, and 8 show
very good general agreement, but some differences in de
This similarity is especially remarkable if we take into a
count that theex situ P-Tdiagrams were based on data o
tained at hydrostatic conditions, while we used nonhyd
static conditions. First of all, we found no other phas
besides those obtained in theex situstudies. Heating from
room temperature leads first to the formation of dimers~D!
and one-dimensional orthorhombic polymers~O! and atT
.470 K ~4.1 GPa! a mixture of the orthorhombic phase an
two-dimensional tetragonal and rhombohedral phasesO
1T1R) was observed. This seems to be a difference co
pared to theex situ P-Tdiagram presented by Sundqvis
where onlyT1R were observed together in the multipha
region.5,8 Also we observed a formation of the dimeric pol
mer already at room temperature, which was continuou
transformed to the orthorhombic phase at higher temp
tures. This is a difference compared to the results prese
by Sundqvist and co-workers where no region for a dime
phase is given in theP-T diagrams,5 although samples con
taining a dimeric polymer have been identified in la
studies.8 Our result is also different from theP-T diagram of
Davydov et al.,4 which shows a direct transition from
dimeric phase to a tetragonal phase while no orthorhombi
rhombohedral phases were observed in this section of
P-T space. However, the transition lines in theP-T diagram
presented by Davydovet al. are very approximate, and wil
fit to our data with only a small change in the slope of t
lines.4 Another difference can be seen above 670 K, wh
during both the heating and cooling steps we observed
one-dimensional orthorhombic phase. In contrast, theex situ
P-T diagram by Sundqvist suggests a direct transition fr
the monomeric fcc C60 phase at high temperature (T
.500 K,P50 – 2 GPa) to the two-dimensionalT and R
phases without the formation of any orthorhombic phase.8 In
this respect our observations are more similar to theP-T
diagram presented by Davydovet al., which shows an ortho-
rhombic phase in the region around 550–750 K and 1
GPa. Therefore, our studies suggest that our results
complementary to theP-T diagrams presented by Sundqv
and co-workers5,8 and Davydovet al.4

Another observation was that the phase composition d
ing cooling was different than during the heating step. Mu
less amounts of the rhombohedral phase were observed
ing cooling compared to heating. This is in good agreem
with previous studies, which observed that different pa
ways for applying pressure and temperature may lead to
ferent proportions of polymeric phases.4,8 Since we obtained
monomeric phase at the highest point of heating, the coo
half-cycle is similar to experiments where the temperat
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increase was followed by pressurization. Our results sh
that the preferential pathway for the preparation of the tetr
onal phase is to start with a high temperature and then a
pressure (T-P) while the rhombohedral phase is favored
first applying pressure followed by a higher temperatu
(P-T). At present we have no explanation for the differenc
in the phase composition during the heating and cool
steps. It is possible, however, that kinetic constraints~e.g.,
orientational dynamics! in the polymerization process giv
rise to the observed differences.

Finally, an important question is whether thein situ data
shown in Fig. 9 represent complete phase transformat
phases or if prolonged heating could lead to a further cha
in phase composition. A test at 670 K showed that the int
sities of the peaks from the orthorhombic phase reduced c
tinuously with time. However, due to experimental difficu
ties with the high temperatures we were unable to stay lon
than 1 h at this temperature, and it is possible that most o
of the orthorhombic phase may transform to tetragonal
rhombohedral polymers with prolonged heating. It should
noted that our heating times in general are longer than
about equal to, those used inex situstudies. It is therefore
conceivable to assume that most of theP-T Diagrams re-
ported in the literature are based on results where comp
phase transformations have not been achieved. There
Fig. 9 must be considered as a map of phases which appe
in our experiment. Nevertheless, we believe that it give
better approximation of a trueP-T diagram compared to the
diagrams constructed usingex situdata.

IV. CONCLUDING REMARKS

In conclusion,in situ Raman spectroscopy data of C60
polymerization under HPHT conditions are presented.
have studied a diagonal section of aP-T diagram starting
from room temperature and a pressure of 5.5 GPa hea
the sample up to 780 K and 1 GPa, followed by a cooli
of the sample back to room temperature and a pressur
7.5 GPa. In general, the results are in a good general ag
ment with data obtained fromex situ studies. During
the heating-cooling cycle, the polymerization order
monomeric C60→dimeric→one-dimensional polymer (O)
→two-dimensional polymers~T,R!. Nevertheless, a preferen
tial pathway to prepare the tetragonal~T! phase seems to b
a high-temperature treatment followed by a pressure incre
~T-P!, and for the rhombohedral~R! phase a pressure trea
ment followed by high temperature. Also clear differences
the relative intensity for some modes were observed in thin
situ andex situspectra.
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17T. Wågberg, P. Jacobsson, and B. Sundqvist, Phys. Rev. B60,
4535 ~1999!.

18C. S. Sundar, P. Ch. Sahu, V. S. Sastry, G. V. Rao, V. Sridha
M. Premila, A. Bharathi, Y. Hariharan, and T. S. Radhakrishn
Phys. Rev. B53, 8180~1996!.
3-10


