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Raman spectroscopy and x-ray diffraction measurements
on C60 compressed in a diamond anvil cell

Y. Li, J. H. Rhee, D. Singh, and S. C. Sharma*
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~Received 3 September 2002; revised manuscript received 21 February 2003; published 28 July 2003!

Using Raman spectroscopy, we present evidence for pressure-induced phase transitions of C60 compressed
up to 31.1 GPa in a diamond anvil cell at room temperature. No significant change is observed in the Raman
spectra upon release of pressure from 31.1 GPa down to almost ambient; the material retains its high pressure
phase present at 31.1 GPa. By using x-ray diffraction measurements with a 300-mm-diameter collimated x-ray
beam, we identify the high-pressure~31.1 GPa! structure of the material. It is found to be a mixture of the

body-centered orthorhombic~Immm!, rhombohedral (R3̄m), and an unidentified phase.

DOI: 10.1103/PhysRevB.68.024106 PACS number~s!: 61.48.1c, 62.50.1p, 78.30.2j, 61.10.2i
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I. INTRODUCTION

The properties of C60 fullerenes under high pressures a
different temperatures continue to be of significa
interest.1–6 The pressure-temperature (P-T) phase diagram
of C60 has been studied, in the majority of the publish
works, using quenched samples that are prepared by h
pressure high-temperature~HPHT! treatments~usually, 2
,P<8 GPa and 300,T<1920 K) and subsequently com
pressed under high pressures.1–4,7–15It is known that severa
kinds of polymerized phases of C60 can be realized in thus
prepared and treated samples.6,11 In spite of a significant
level of activity, the phase diagram of C60 continues to be the
subject of discussion. At room temperature, a phase tra
tion was reported by Chandrabhaset al.,15 who observed a
significant decrease in the Raman frequency of theAg(2)
mode of C60 at 0.35 GPa. Further, infrared~IR! spectroscopy
studies by Yamawakiet al.16 showed appearance of new a
sorption bands and marked reduction in the intensity of
original bands at about 4 GPa due to pressure~hydrostatic!
induced polymerization of C60. Yoo and Nellis reported a
phase transformation at room temperature from weakly in
acting C60 molecules to strongly interacting C60 agglomer-
ates or networks under high static pressures; the trans
being reversible between 15 and 25 GPa and irrevers
above 27 GPa.17 These authors further observed that all
the vibrational modes shifted linearly with pressure up
about 10 GPa and deviated from linearity with the appe
ance of a ‘‘knee’’ between 10 and 15 GPa. Nishikawaet al.
suggested a phase transition at around 0.6 GPa.18 Blank
et al.19 have presented evidence for several structural ph
transitions at 0.3, 2.3, 6, and 18 GPa under controlled sh
deformations. The early work on the polymerized phases
C60 is summarized in excellent works by Eklund and Ra6

Dresselhauset al.,20 Kadish and Ruoff,21 and Sundqvist.22

The pressure-induced phases of quenched C60 have been fur-
ther studied in more details in several rece
investigations.1,2,4

Most recently Talyzinet al. have presented results of
detailed study on the pressure-induced polymerization of60
at high temperatures.1 These authors have studied a diago
section of theP-T diagram in HPHT samples starting from
room temperature and 5.5 GPa, heating the sample up to
0163-1829/2003/68~2!/024106~10!/$20.00 68 0241
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K and 1.5 GPa, followed by cooling down to room tempe
ture and 7.5 GPa. According to this study, the polymerizat
proceeds during the heating cycle, from monomeric C60 to
dimeric-one-dimensional~1D! polymer, orthorhombic (O) to
2D polymer, consisting of a tetragonal (T) and rhombohe-
dral (R) phases, experimental evidence for phase-T as a
stable high-pressure phase had been presented in an e
study by Davydovet al.23 Using different paths of the HPHT
treatment, Davydovet al.23 had obtained phase-T as a prod-
uct of phase conversions of a monomeric fcc and two po
merized phases of C60, including phase-R at 2.2 GPa and
873 K. Following Davydovet al.,23 Talyzin et al.1 report that
a preferential pathway to prepare the tetragonal phase se
to be a high-temperature treatment followed by pressure
crease, and for the rhombohedral phase a pressure treat
followed by high temperature. In a quenched sample, Taly
et al. observe a mixture of the orthorhombic and tetrago
phases with a small addition of the rhombohedral phase
another recent study, Meletovet al.2 have investigated the
effect of pressure on 2D tetragonal C60 polymer sample that
was prepared by pressurizing pristine C60 within 2.3–2.5
GPa at about 820 K. These authors observe a gradual p
transformation between 19 and 21 GPa. Based on the Ra
scattering data, they believe that the C60 cage is retained and
the high-pressure phase of their sample is related to a
polymerized phase. This is in good agreement with Oka
et al.24 who had previously presented evidence based on
density functional theory for a stable 3D polymerized C60
structure under uniaxial pressures of about 20 GPa. Ad
and Page25 have used an approximate first-principles meth
together with a bond-polarizability model to calculate the
retical Raman spectra for the orthorhombic (O), tetragonal
(T), and rhombohedral (R) phases of pressure-polymerize
C60. Burgos et al.26 have studied possible phases of 3
C60-based fullerites using semiempirical potentials andab
initio density-functional methods. They present theoreti
evidence for three closely related structures: two bo
centered orthorhombic and one body-centered cubic;
polymers with semiconducting properties. Chernozaton
et al.27 also present analysis of x-ray diffraction patterns
HPHT quenched samples~13 GPa and 670–820 K! support-
ing the formation of a 3D polymerized phase. Davyd
et al.4 and Marqueset al.28 have presented evidence fo
pressure-polymerized phases of C60. Blanket al.29 have pre-
©2003 The American Physical Society06-1
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sented collection and analysis of data on high-pressure p
merized phases of C60 with a pressure-temperature phase d
gram up to 20 GPa and 2300 K. Obviously, properties
C60-based materials, and in particular of its polymeriz
phases, continue to be the subject of significant research
tivity. However, as stated above, a large number of the
vestigations have focused on samples prepared by the H
treatments and subsequently subjected to high press
Since, the eventual structure of the material may depend
the synthesis route employed, it is of interest to investig
effects of pressure on samples synthesized by techniques
do not rely solely on the HPHT treatment.

In the present work, we have advanced our prelimin
work, reported elsewhere,30–32 on the effects of pressure o
the structure of C60 in samples that are not prepared by t
HPHT treatment. Using high-resolution Raman spectr
copy, we present evidence for structural phase transitions
observe that the material retains its structure that existed
der 31.1 GPa at room temperature. Additionally, by us
x-ray diffraction analysis with a 300-mm-diameter collimated
x-ray beam, we identify the high-pressure~31.1 GPa! struc-
ture of C60, consisting of a mixture of body-centered orth
rhombic, rhombohedral, and an unidentified phase. Inter
ing results of our work on the non-HPHT samples can
summarized as follows:~i! similar to the earlier results on th
HPHT samples, we too observe pressure-induced phase
sitions,~ii ! we characterize the crystal structure of the hig
pressure~31.1 GPa! phase as a mixture of the body-center
orthorhombic, rhombohedral, and an unidentified phase,
~iii ! at variance with the results on the HPHT samples, we
not observe the so-called hard and superhard phases in
sample after it has been subjected to four different seque
of pressures~described below! between ambient and 31.
GPa.

The outline of the remainder of the manuscript is as f
lows: Section II provides a brief summary of the experime
tal details, Sec. III presents the main results and their dis
sion, and Sec. IV presents the conclusions.

II. EXPERIMENTAL DETAILS

The C60 powder of 99.9% purity and containing 1–10-mm
particles, obtained from MER, was used in this work33

High-resolution Raman spectra were measured by usin
1.25-m, f/11 monochromator, 1200- and 2400-g/mm io
etched blazed holographic diffraction gratings, liqui
nitrogen-cooled charge-coupled device~CCD! camera,
Super-Notch-Plus filter, argon-ion laser operating at 51
nm and at<100 mW~assuming a Gaussian beam profile f
the 2.431023-m-diameter laser beam, the spot size on
sample is estimated to be about<10mm), and SpectraMax
for Windows software. The C60 powder was loaded in a dia
mond anvil cell ~DAC! containing pre-indented stainles
steel gasket with a 200-mm hole. We present data from tw
sets of experiments that were conducted:~i! without using a
pressure transmitting medium in the DAC~uniaxial pres-
sure!, and~ii ! by using a mixture of methanol:ethanol:wat
~16:3:1! as the pressure transmitting medium in the DA
~nearly hydrostatic pressure!. This particular pressure trans
mitting medium has been characterized with a range
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nearly hydrostatic behavior up to about 10 GPa,34 as well as
up to about 20 GPa with a freezing pressure of 14.5 GP
room temperature.35 In any event, the data measured with t
use of this transmitting medium in the DAC are under nea
hydrostatic pressures at least up to about 10 GPa. Becau
the mechanical mechanism by which pressure is increase
tightening, one by one, four screws on the DAC; it is po
sible that the sample experiences shear deformation. App
pressures were calculated by measuring pressure-ind
shifts in the Ruby fluorescence peaks. The measured Ra
spectra were analyzed for the central frequency of the ba
and their full width at half maximum~FWHM! by nonlinear
least-squares technique by using Gaussian functions.
performance of the Raman spectrometer and the accurac
the data analysis techniques were thoroughly tested by
peated measurements of the well-known Raman band
several materials, i.e., 1332-cm21 line of diamond,
521-cm21 line of single-crystal silicon, the fluorescenc
peaks of ruby, different Raman bands of pristine C60, etc. In
each case, excellent agreement was observed between
measurements and the well-known results for each one
these samples.30–32,36–38Since it is known that C60 can be
polymerized under laser irradiation, Raman spectra w
measured at selected pressures for different power leve
the argon ion laser between 20 and 100 mW. In the fi
analysis, care was taken to account for the laser power
pendence of the spectra. Having loaded the sample and
pressure transmitting medium, four different sets of measu
ments were made by~i! increasing the pressure from almo
ambient to 31.1 GPa,~ii ! decreasing the pressure from 31
GPa down to almost ambient,~iii ! once again increasing th
pressure from almost ambient to 27 GPa, and finally~iv!
releasing the pressure down to ambient, after which
sample was recovered for x-ray diffraction~XRD! analysis
~labeled as the ‘‘recovered sample’’ in the remainder of
text!. In the following, these pressure sequences are labe
for the sake of clarity, as the first, second, third, and fou
pressure sequences.

The x-ray diffraction~XRD! measurements were made b
using a Rigaku/Curved IP two-dimensional x-ray diffract
meter system. This diffractometer uses a well-collimated~di-
ameter about 300mm! x-ray beam of wavelength
50.228 97 nm from a Cr target (Ka line! and a cylindrical
imaging plate. The system can measure 2D x-ray diffract
image over a broad range, covering 204° 2u horizontally and
645° 2u vertically from the direct beam position. In trans
mission, the complete area is recorded simultaneously~com-
plete Debye Sherrer rings! with 2u,45°. Integrating out the
x dimension of the recorded 2D image produces intensity
2u plot, the conventional powder pattern, which can be a
lyzed by using the powder-diffraction analysis software
identifying the structure of the material, etc.39

III. RESULTS AND DISCUSSION

A. Raman spectroscopy

Representative Raman spectra in the vicinity of t
Hg(7), Ag(2), andHg(8) modes, as well as a 1625-cm21

band of C60 measured at different pressures up to 31.1 GP
room temperature, are shown in Fig. 1~a!. A reference spec-
6-2
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FIG. 1. ~a! Raman spectra measured for nonhydrostatic conditions for C60 powder compressed in a diamond anvil cell under differ
pressures, in the range from 0.55 to 31.1 GPa, at room temperature.~b! Raman spectra measured for pristine C60 powder under ambien
conditions.
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trum measured for pristine C60 under ambient conditions i
also shown in Fig. 1~b!. The reference spectrum, clear
showingHg(7), Ag(2), andHg(8) bands with Raman shift
of 1423, 1466, and 1570 cm21, respectively, is in excellen
agreement with the well-known Raman spectrum charac
istic of pristine C60.40,41 In agreement with published
results,17 the Raman bands of compressed C60 are weak in
comparison to the shape of these bands measured unde
bient conditions, particularly theAg(2) mode. There are two
reasons for the weakness of the Raman signal; name
relatively small cross sections for the inelastic scattering
light and a very small amount of sample inside the 200-mm-
diameter hole in,250-mm-thick gasket in the DAC. The
mean frequencies of the Raman bands, identified with
Hg(7), Ag(2), Hg(8) modes and the 1625-cm21 band of
C60 are plotted as a function of pressure in Fig. 2. The d
on the most pronouncedAg(2) band are collected from
large number of measurements that were made~i! by apply-
ing uniaxial as well as hydrostatic pressures~up to about 10
GPa! and ~ii ! by running the spectrometer at high and ve
high resolutions@FWHM5(4.560.1) and (2.260.1) cm21

for the 1332 cm21 diamond line, respectively#. The pressure
dependence of the most pronouncedAg(2) band is remark-
able and it shows that~i! the use of the transmitting medium
has little effect on the frequencies of theAg(2) Raman band
02410
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up to about 4 GPa,~ii ! however, for 4,P,13 GPa, the
transmitting medium affects the pressure dependence of
Ag(2) band. In experiments conducted without the use of
transmitting medium, we observe clearly in the upper in
of Fig. 2 that~i! the frequency of theAg(2) band increases
linearly with increasing pressure up to about 4 GPa,~ii ! be-
tween about 4 and 8.28 GPa, these frequencies do not fo
the linearity observed up to 4 GPa. Over this range of pr
sures, the measured frequencies are significantly lower
the values expected from an extrapolation of the lo
pressure linear behavior. We observe a turnaround in the
quencies at around 7.26 GPa, above which they follow
linear pressure dependence observed from ambient to a
4 GPa. In the case of the data collected by using
pressure-transmitting medium, we observe that the freque
of the Ag(2) band increases with increasing pressure fr
almost ambient to 5.38 GPa. Between 5.38 and 23.5 GPa
measured frequencies deviate from this linear dependenc
this case, a turnaround in the values of the frequency is
served to occur at about 13.1 GPa. The pressure depend
of the Ag(2) band is qualitatively similar in that the fre
quency of this band increases linearly with pressure fr
ambient to some pressure, deviates from this low-press
linearity over a certain range of intermediate pressures,
returns to the low-pressure linear dependence at high p
6-3
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FIG. 2. Mean frequencies of theHg(7), Ag(2), Hg(8), and1625-cm21 Raman bands as a function of pressure, for the first pres
sequence~pressure increased from almost ambient to 31.1 GPa! at room temperature. The open~unfilled! symbols represent data obtaine
from Raman spectra measured without the use of a pressure transmitting medium in the DAC~uniaxial pressures!. The lines are drawn only
to aid the eyes. The structural phase transitions are evidenced by~i! deviations from a linear pressure dependence beginning at around 4
and~ii ! appearance of additional bands at pressures higher than about 15 GPa. The upper inset shows details of the nonlinear b
the frequencies of theAg(2) band measured without the use of the pressure transmitting medium in the DAC. The lower inset
evidence for reversible behavior of the pressure dependence of the spectra measured using the transmitting medium in the DAC~filled circles
represent data for increasing pressures; and the stars represent data for decresing pressures!.
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sures. As the lower inset in Fig. 2 shows, the nonlinear p
sure dependence of theAg(2) band for 0<P<8 GPa is re-
versible. The deviations from the linear behavior observe
low pressures may signal the occurrence of a phase tra
tion. While certain works report observations of structu
phase transitions in the range 4–6 GPa, others report li
pressure dependence of the Raman shifts up to about 10
The occurrence of phase transitions atP<10 GPa at room
temperature is supported by several published works. On
the strongest evidences for a phase transition in pristine C60,
whereby its simple cubic structure changes into 1D ort
rhombic polymerized phase, comes from the IR spectrosc
study by Yamawakiet al.,16 who observed the appearance
different absorption bands and marked reduction in the in
sity of the original bands at about 4 GPa due to press
~hydrostatic! induced polymerization of C60. Yoo and
Nellis17 also reported a phase transformation, albeit a
higher pressure, from weakly interacting C60 molecules to
strongly interacting C60 agglomerates or networks. These a
thors observed that all of the vibrational modes shifted
early with pressure up to about 10 GPa and deviated f
linearity with the appearance of a ‘‘knee’’ between 10 and
GPa. Additionally, the volume compression data for C60 at
room temperature42,43have shown evidence for a phase tra
sition at P<6 GPa. Under hydrostatic conditions, the vo
ume was observed to decrease smoothly with increa
pressure up to about 22 GPa. However, under nonhydros
conditions, a much smaller compression of C60 observed
above about 5 GPa is believed to be evidence for the ro
temperature polymerization of C60. Contrary to these results
which support a phase transition at around 4–6 GPa, som
02410
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the other studies observe an almost linear pressure de
dence of the Raman shifts over the same range of press
Tolbert et al.14 conducted Raman experiments on C60 crys-
tals grown by heating the C60 powder in a temperature gra
dient under 1026 Torr. They used either methanol:ethano
:water ~16:3:1!, or liquid nitrogen, or liquid argon for the
pressure transmitting medium in the DAC and measured
man spectra as functions of pressure up to 18 GPa an
functions of temperature between 4 and 360 K. Contrary
our findings, these authors observed neither signific
changes due to the use of the pressure transmitting med
nor deviations from linearity up to about 10 GPa. On t
other hand, Chandrabhaset al.15 observed considerable sof
ening of theAg(2) mode around 0.35 GPa. They observ
significant increase in the linewidth and decrease in the
tensity of theAg(2) mode with increasing pressures up
about 12.7 GPa. Although these authors did not particula
address the occurrence of a phase transition, their
clearly indicate a change in the pressure dependence o
frequency of theAg(2) mode around 3 GPa. Whether th
change in the slope of the Raman frequencies vs pres
corresponds to a phase transition~similar to the pressure
induced phase transition to the rotation-free simple cu
phase at about 2.5 GPa observed by Meletovet al.2! remains
a possibility. Meletovet al. have studied the pressure depe
dence of the Raman spectra of C60 single crystals up to abou
7.2 GPa at room temperature. They observed two phase
sitions, one at 0.4 GPa and another at 2.5 GPa. Th
pressure-induced phase transitions were attributed to orie
tional ordering from fcc to sc structure, and a rotation-fr
orientationally ordered sc phase, respectively. Haineset al.44
6-4
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RAMAN SPECTROSCOPY AND X-RAY DIFFRACTION . . . PHYSICAL REVIEW B68, 024106 ~2003!
have studied C60 up to 28 GPa by XRD and observed
significant broadening of the diffraction lines above 10 G
and diffuse scattering at 23 GPa. They also observed a
tureless pattern at 28 GPa due to the highly disorgan
nature of the material at this pressure. Additional discuss
of the similarities and differences between the experime
conditions in several of these works, and other possible
sons for the observed nonlinear pressure dependence o
Raman shifts in our data, will be reported elsewhere.32

In view of these results, the main features of the press
dependence of theAg(2) band up to about 31.1 GPa ca
therefore be summarized as follows:~i! the frequency of the
Ag(2) band increases linearly with increasing uniaxial pr
sure between ambient and 4 GPa,~ii ! between 4 and 8 GPa
these frequencies deviate from linearity, exhibit a turnarou
at about 7.26 GPa, and then resume the linear pressure
pendence up to 31.1 GPa,~iii ! under hydrostatic conditions
the pressure dependence of theAg(2) band is qualitatively
similar. Although the range of the linear behavior and t
turnaround pressure are different,~iv! as is clear from Fig.
1~a!, a major change in the shape of the Raman spect
occurs at around 14.7 GPa. The spectrum at 14.7 GP
exceedingly broad and it probably encompasses contr
tions from other neighboring bands, indicating the occ
rence of a phase transition at about 14.7 GPa, and~v! yet
another change in the shape of the spectrum occurs at ar
27 GPa, where newer bands appear. These observation
in good agreement with previously published data on HP
quenched samples2 and they signal the occurrence of stru
tural phase transitions in the material. In this context, it
important to note that Okadaet al.,24 based on their calcula
tions using density-functional theory, had predicted a ph
transformation of C60 from its 2D polymerized tetragona
phase to 3D polymerized structure under uniaxial pressur
about 20 GPa. It is interesting to note that similar chan
are observed in HPHT quenched samples as well as in
tine C60 compressed in the present work.

In Fig. 3, we show the pressure dependence of the Ra
frequencies for the second and third pressure sequen
which consisted of~i! pressure release; releasing pressure
small steps starting from 31.1 GPa down to almost amb
pressure, and~ii ! once again increase of pressure from a
bient to about 27.5 GPa. The frequencies of these Ra
bands are more or less independent of pressure after the
terial had been compressed under 31.1 GPa. Figure 4 sh
spectra recorded for the sample under 31.1 GPa as well a
the recovered sample. There is hardly any change in
Ag(2) band observed in these two spectra. It is clear that
sample, having been compressed to 31.1 GPa at room
perature in the first pressure sequence, retains its h
pressure~31.1 GPa! phase, which can be characterized w
Raman bands of frequencies of about 1468, 1538,
1680 cm21. In the following, we take advantage of this find
ing and characterize the structure of the high-pressure~31.1
GPa! phase of the material by conducting x-ray diffractio
analysis.

B. X-ray diffraction

Figure 5 shows XRD spectra measured by using ab
described 300-mm-diameter x-ray beam of waveleng
02410
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50.228 97 nm from a Cr target (Ka line!. These spectra
were measured for the C60 sample recovered@Fig. 5~a!# after
completion of all four pressure sequences described ab
and pristine C60 @Fig. 5~b!#. During these experiments, th
sample had been subjected to the following sequence
increasing/decreasing pressure sequences:~i! ambient to 31.1
GPa,~ii ! 31.1 GPa to ambient,~iii ! ambient to 27.5 GPa, an
finally ~iv! pressure release down to ambient, after which
sample was recovered for XRD analysis. The Debye Sc
rer rings, measured for the reference C60 powder and recov-
ered sample, are also shown in Fig. 5. The rings are circ
in shape with spots indicating preferential orientation of t
grains. In the case of the recovered sample~31.1-GPa phase!,
the preferred orientation of the grains may be due to the
that the pressure transmitting medium becomes nonhy
static above about 10 GPa. Consequently, the material m
have been compressed uniaxialy above this pressure and
tainly at around 31.1 GPa, the highest pressure applied in
present investigations. Additionally, as discussed under
perimental Details, it is possible that the sample had exp
enced shear deformation to some extent. In Table 1, we
details for a total of 13 peaks resolved in the XRD spectr
of the recovered sample. In addition to 2u values~peak cen-
troids!, the table also includes results for interplanar spac
dhkl , relative intensity, and FWHM of each peak resolved32

In order to better understand the complex structure of
material, we have carried out simulations for the intensity
2u patterns using crystallographic parameters for the
pected phases of the material. The simulations of the x-
patterns were made by starting with published values of
atomic coordinates for the body-centered orthorhom

FIG. 3. Mean frequencies of theHg(7), Ag(2), Hg(8), and
1625-cm21 Raman bands as a function of pressure, for the sec
pressure sequence~filled symbols, pressure released from 31.1 G
to almost ambient! and third pressure sequence~open symbols, once
again, pressure increased from almost ambient to 27.5 GPa! at room
temperature. The sample was loaded with the transmitting med
in the DAC.
6-5
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~BCO, Immm!, rhombohedral~R3̄m), hard and superhard
body-centered cubic, and tetragonal structures.24,26,27,45–47

We made refinements in these simulations by varying, wit
reasonable limits, the crystallographic parameters~lattice
constants were varied up to62% from their values given in
these references! in order to improve agreement between t
measured spectra and the simulations. In these exercis
the centroids of the simulated and measured peaks~2u val-
ues! were within60.1°, the simulation was considered to
in agreement with the measurement. As the results liste
the table show, the recovered material consists of a mix
of the body-centered orthorhombic~Immm, 38%!, rhombo-
hedral (R3̄m, 30%!, and an unidentified structure. The cry
tallographic parameters for the BCO~Immm! andR (R3̄m)
phases, that provide the best fit for the measured XRD s
trum, are a50.911 nm, b50.978 nm, c51.450 nm, and
r av50.355 nm for the BCO~Immm!, and a50.916 nm, c

52.450 nm, andr av50.36 nm for theR3̄m phases, respec
tively. These parameters are in excellent agreement w
those published previously.46 Although the remaining 32% o
the mixture is not clearly identified as yet, we have ruled
the presence of so-called hard and superhard phases i
recovered material. At variance with results on HPH
quenched samples,27,47 we do not obtain good fits betwee

FIG. 4. Raman spectra measured for C60 compressed under 31.
GPa and recovered sample. As described in the text, these data
obtained by loading the sample with the transmitting medium in
DAC.
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the measured and simulated spectra when simulations
made by using crystallographic parameters for the hard
superhard structures. These hard and superhard struc
have been identified previously in the HPHT quench
samples that were obtained after 13 GPa at 670 and 82
respectively. The unit-cell parameters for these structu
have been determined in earlier publications asa
50.873 nm, b50.916 nm, c51.294 nm, and V
50.517 nm3, for the hard structure, anda50.867 nm, b
50.881 nm,c51.260 nm, andV50.481 nm3, for the super-

ere
e

FIG. 5. ~a! XRD spectra measured for the high-pressure~31.1
GPa! phase recovered after completion of all four pressure
quences between ambient and 31.1 GPa described in the text
sample was loaded in the DAC along with the transmitting mediu
The insets show Debye Sherrer rings.~b! XRD spectra measured
for pristine C60 powder. The insets show Debye Sherrer rings. T
results of the curve fit, representing the structures listed in Tabl
are also shown.
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hard structure.27 Additional work is in progress to determin
details of the structural and electronic properties of sim
C60 based materials.48

In spite of significant research, the structure of C60 sub-
jected to high pressures,P>30 GPa at room temperature,
not yet clearly understood. We present a brief discussion
some of the recent and relevant data and re-emphasize
portant differences between the experimental conditions
our and previous experiments. Hopefully, this will help
arriving at a better understanding of our results and stimu
further investigations of the structure and properties of n
HPHT C60 compressed under high pressures at room t
perature. A meaningful comparison between the presen
sults and the results of the previous experiments should
done in the context of the experimental conditions, nam
~i! the range and nature of applied pressures~hydrostatic,
nonhydrostatic, and shear deformation!, ~ii ! sample tempera
ture,~iii ! irradiation conditions, i.e., laser power, spectral d
tails, duration of irradiation, etc. Although several previo
studies have presented evidence for amorphous structu
compressed C60, our data show that the recovered mater
~31.1-GPa phase! consists of body-centered orthorhomb
rhombohedral, and an unidentified structure. In the follo
ing, we present a brief discussion of relevant published
sults, some of which support our findings in that crystalli
structures are present in the compressed material. Du
et al.42 have studied compression of C60 under both hydro-
static and nonhydrostatic conditions. They observed that
fcc structure remains stable under hydrostatic conditions
to about 20 GPa and a transition to a crystallographic st
ture of lower symmetry occurs at about 16 GPa. Nun
Regueiroet al.49 have presented evidence for the existen
of polycrystalline diamond and preponderantly tetrahed
cally coordinated amorphous carbon phase in C60 that was
compressed by applying nonhydrostatic pressures of a
20 GPa. Iwasaet al.45 observed two different polymeric
phases in C60 heated under 5 GPa. At low temperatur

TABLE I. XRD analysis of the recovered material~31.1-GPa
phase!. The sample was loaded with the transmitting medium in
DAC and subjected to the pressure sequences described in the

Peak
Number 2u (hkl)

dhkl

~Å!

Relative
intensity

~%! FWHM
Identified
structure

1 12.642 14.8 1.36
2 14.146 26.4 1.36
3 16.097 003 8.167 43.6 1.19 rhombohedr
4 16.233 011 8.108 74.7 1.39 BCO
5 17.369 101 7.547 5.3 1.36 rhombohedr
6 19.798 102 6.659 64.6 1.36 rhombohedr
7 21.634 004 6.125 26.3 1.36 rhombohedr
8 22.584 10.0 1.36
9 26.986 112 4.907 5.3 1.49 BCO
10 27.096 020 4.890 100.00 1.64 BCO
11 28.287 10.2 1.30
12 28.355 73.7 1.22
13 38.410 12.3 0.74
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~573–673 K! and 5 GPa, they observed a disordered pha
believed to be fcc with some distortion of the unit cell~so-
called ‘‘soft fcc’’!. When treated at 773–1073 K at 5 GPa
rhombohedral structure was observed. Oszlanyiet al.50 have
observed an amorphous phase of C60 compressed to about 1
GPa. Snokeet al.51 also observed fullerene Raman peaks
to about 20 GPa. At around 22 GPa the two strongest h
frequency peaks were observed to merge into one ba
which persisted up to about 42 GPa with irreversible Ram
spectrum upon pressure release down to ambient pres
On the basis of the Raman spectra of various carbon for
Snokeet al. identified the high-pressure phase to be am
phous carbon. Mosharyet al.52 studied the shift of the optica
edge as a function of pressure up to about 35 GPa and
served an irreversible transition to a ‘‘transparent phase’’
tween 17 and 25 GPa. Based on the Raman spectrum o
depressurized sample, they concluded that C60 was destroyed
at the high-pressure transition producing a ‘‘collapsed full
ite’’ ~CF! phase, which they believed to be a new amorpho
carbon. The XRD measurements of Haines and Leger44 con-
firmed the formation of the CF phase above 23 GPa
observed featureless XRD data at 28 GPa indicating tra
formation to amorphous carbon. Blanket al.19 have carried
out a detailed study of the structure of C60 fullerite up to
about 37 GPa with shear deformation. They found two sta
of fullerite at high pressures under controlled shear deform
tion, which persisted after pressure release. Blanket al. fur-
ther observed, from Raman spectroscopy measurements
C60 molecules persisted in both states with evidence
pressure-induced polymerization. These authors prese
evidence for phase transitions at 0.3, 2.3, 6, and 18 GPa
2.3 GPa, the sample became opaque in the visible, bu
mained transparent in the IR. At the transition at 6 GPa,
sample became opaque in both visible and near IR regi
The transition at 18 GPa recovers sample transparency in
visible and near IR regions. A state produced atP.18 GPa
with shear deformation was observed to be harder than
mond and transparent in the near infrared and visible
gions. Blanket al. assumed that C60 molecules were pre-
served in fullerite in both of these high-pressure states, t
structures being distinguishable by the degree of polymer
tion. Besides confirming the prediction by Ruoff and Ruof53

that at high pressures, when the intermolecular distance
fullerite become comparable to the intramolecular C
bonds, fullerites may be harder than diamond, the study
Blank et al. reaffirmed the fact that different geometrical p
rameters cause different values of the pressure gradients
different conditions of deformation. All of this affects th
phase transformation process and relative proportions of
ferent phases in the sample. Meletovet al.54 have studied
structural stability of the rhombohedral 2D polymeric pha
of C60 in HPHT samples by using Raman spectroscopy. T
XRD analysis of the starting HPHT sample showed that
crystal structure of the polymer was rhombohedral (R3̄m,
with a50.922 nm andc52.46 nm). They observed signifi
cant changes in the Raman spectrum atP;15 GPa, where
the spectrum became very diffuse and lost its fine struct
They further observed that atP.15 GPa, Raman spectr
changed drastically from the initial spectrum of the 2

e
ext.
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rhombohedral phase. These authors concluded that the
rhombohedral polymeric phase undergoes an irrevers
change to a disordered phase atP.15 GPa, and noted tha
this observation was not in step with the theoretical calcu
tions by Burgoset al.,26 which predicted regular covalen
bonding between the polymeric sheets under press
Agafonovet al.55 have observed that a pressure-tempera
treatment of C60 at 1.5 GPa and 723 K produces an orth
rhombic structureO8, which is significantly different from
the orthorhombic phase formed at 8 GPa and 573 K. T
unit-cell volume of theO8 phase is larger than that of theO
phase; 0.658 nm3 vs 0.641– 0.650 nm3 for the O phase.
These authors provide the unit-cell parameters for this n
O8 phase as a5(0.909860.0006) nm, b5(0.983
60.001) nm,c5(1.47260.002) nm, which should be com
pared with the unit-cell parameters for theO phase,a
5(0.926– 0.929) nm, b5(0.981– 0.988) nm, c
5(1.408– 1.422) nm. Based on the Raman, XRD, a
electron-diffraction analyses, these authors conclude,
agreement with earlier observation by Marqueset al.,28 that
this new phase (O8) is a distorted fcc phase, and it is a
intermediate stage for the tetragonal phase preferent
formed at higher pressure-temperature conditions.

It is clear from the above discussion that phase trans
mations of C60 under high pressure~hydrostatic, nonhydro-
static, shear deformations! and high temperature are comple
and not completely understood. The high-pressure~31.1
GPa! structure observed in our sample, i.e., a mixture of
body-centered orthorhombic, rhombohedral, and an unid
tified phase, is different in that we do not observe an am
phous phase in the material. The cell parameters obta
from our XRD analysis,a50.911 nm, b50.978 nm, c
51.450 nm, andr av50.355 nm for the BCO~Immm!, and
a50.916 nm,c52.450 nm, andr av50.36 nm for theR3̄m
phases, respectively, are in excellent agreement with kn
results.46 Additionally, a recent study56 shows that HPHT
treatment of C60 ~6 GPa at 1025–1050 K! can produce mag
netically ordered rhombohedral C60 with cell parametersa
50.9204 nm andb52.461 nm, which are in excellent agre
ment with our results for the rhombohedral phase. Althou
we are not certain about the precise reasons for the abs
of an amorphous phase in our sample, we draw attentio
the following experimental conditions, which might play
role in the final structure of the material,~i! our pristine C60
sample had been subjected to aforementioned four pres
sequences prior to recovery for the XRD analysis,~ii ! the
material was compressed under nonhydrostatic condit
above about 10 GPa, where the pressure transmitting
dium no longer offers hydrostatic conditions,~iii ! it is pos-
sible that the material experiences shear deformations,~iv!
the material was exposed to argon-ion laser irradiation
extended periods~several hours/day on and off for sever
weeks! during our experiments, and~v! the pressure trans
mitting medium may have influenced in some hitherto u
known manner the structure of the recovered material.
precise reasons for the observed structure are uncerta
this time. What is certain is the fact that the material can
polymerized by either laser irradiation, or by application
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high pressures, or by a combination of these variables. A
is noted by Sundqvist,22 random lengths and directions o
linearly polymerized molecules create disorder in the str
ture of the material. Disorder is not unexpected, since po
merization is almost always carried out by heating a sam
in the fcc phase, with almost freely rotating molecules a
thus no preferred bonding directions. Additionally, the pre
sure gradients on the sample could promote disorder.
though the pressure-treated materials are usually disorde
it has also been reported57 that large single crystals coul
also be polymerized into well ordered states by applicat
of hydrostatic pressures 1.1 GPa at 550–585 K. Much a
tional research is needed to better understand the rich
complex phase diagram of C60, especially when the materia
is subjected to extended laser irradiation under high p
sures~inclusive of hydrostatic, nonhydrostatic, and shear
formation! at room temperature as well as at elevated te
peratures. Additional research is also needed to be
understand the nature of the nonlinear pressure depend
of the Ag(2) band of C60 between 4 and 7 GPa~uniaxial
pressures! as well as the role of the pressure-transmitti
medium in the observed pressure dependencies.

IV. CONCLUSIONS

In conclusion, we have measured Raman spectra for p
tine C60 compressed in diamond anvil cell for a range
pressures from almost ambient to 31.1 GPa at room temp
ture. We have conducted a series of experiments with
without the use of a pressure transmitting medium in
DAC. In agreement with previously published Raman sp
troscopy data, we observe changes in the pressure de
dence of certain Raman modes that are consistent with
occurrence of several structural phase transitions of C60 un-
der high pressures at room temperature. Upon lowering
pressure from 31.1 GPa down to almost ambient, the de
of the Raman bands remain more or less unchanged.
material therefore retains its structure that it had acquire
high pressures up to 31.1 GPa. XRD measurements on
recovered material~high-pressure phase! by using a 300-mm-
diameter collimated beam show that the high-pressure ph
consists of a mixture of the BCO~Immm!, rhombohedral
(R3̄m), and an unidentified structure. The cell paramet
for the identified phases are in excellent agreement with
published results. The Debye Scherrer rings for the rec
ered sample are observed to be circular in shape with s
indicating preferential orientation of the grains in the hig
pressure phase of the material.
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