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Raman spectroscopy and x-ray diffraction measurements
on Cgo compressed in a diamond anvil cell
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Using Raman spectroscopy, we present evidence for pressure-induced phase transitigreoofp@essed
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@a3@dameter collimated x-ray
beam, we identify the high-pressuf@l.1 GPa structure of the material. It is found to be a mixture of the

body-centered orthorhombitgmmm), rhombohedral IR?m), and an unidentified phase.
DOI: 10.1103/PhysRevB.68.024106 PACS nuniber61.48:+c, 62.50:+p, 78.30—j, 61.10~i

[. INTRODUCTION K and 1.5 GPa, followed by cooling down to room tempera-
ture and 7.5 GPa. According to this study, the polymerization
The properties of g fullerenes under high pressures andproceeds during the heating cycle, from monomerig ©
different temperatures continue to be of significantdimeric-one-dimensiondlD) polymer, orthorhombicQ) to
interestt~® The pressure-temperatur®<T) phase diagram 2D polymer, consisting of a tetragonal’)( and rhombohe-

of Cgo has been studied, in the majority of the publisheddral (R) phases, experimental evidence for phases a

: . “stable high-pressure phase had been presented in an earlier
works, using quenched samples that are prepared by hig tudy by Davydowet al? Using different paths of the HPHT
pressure high-temperaturdiPHT) treatments(usually, 2

treatment, Davydoet al?® had obtained phasg-as a prod-
<P<8GPa and 308T<1920K) and subsequently cOM- ¢t of phase conversions of a monomeric fcc and two poly-

pressed under high pressufe§’~*°It is known that several qerized phases of &, including phaseR at 2.2 GPa and
kinds of polymerized phases ofg¢can be realized in thus- g73 K. Following Davydowet al.?® Talyzin et al? report that
prepared and treated sampfés.in spite of a significant 4 preferential pathway to prepare the tetragonal phase seems
level of activity, the phase diagram ofgXontinues to be the to be a high-temperature treatment followed by pressure in-
subject of discussion. At room temperature, a phase transgrease, and for the rhombohedral phase a pressure treatment
tion was reported by Chandrabhesal,™ who observed a followed by high temperature. In a quenched sample, Talyzin
significant decrease in the Raman frequency of Ae2) et al. observe a mixture of the orthorhombic and tetragonal
mode of Gy at 0.35 GPa. Further, infrarétR) spectroscopy phases with a small addition of the rhombohedral phase. In
studies by Yamawalet al'® showed appearance of new ab- another recent study, Meletost al? have investigated the
sorption bands and marked reduction in the intensity of thesffect of pressure on 2D tetragonaj@olymer sample that
original bands at about 4 GPa due to presghsalrostati¢ ~ was prepared by pressurizing pristing,Qvithin 2.3—2.5
induced polymerization of §&. Yoo and Nellis reported a GPa at about 820 K. These authors observe a gradual phase
phase transformation at room temperature from weakly intertransformation between 19 and 21 GPa. Based on the Raman
acting Ggo molecules to strongly interactingggcagglomer-  scattering data, they believe that thg,€age is retained and
ates or networks under high static pressures; the transitiothe high-pressure phase of their sample is related to a 3D
being reversible between 15 and 25 GPa and irreversiblpolymerized phase. This is in good agreement with Okada
above 27 GP&’ These authors further observed that all of et al?* who had previously presented evidence based on the
the vibrational modes shifted linearly with pressure up todensity functional theory for a stable 3D polymerizeg, C
about 10 GPa and deviated from linearity with the appearstructure under uniaxial pressures of about 20 GPa. Adam
ance of a “knee” between 10 and 15 GPa. Nishikastal. and Pag® have used an approximate first-principles method
suggested a phase transition at around 0.6 ¥mBlank together with a bond-polarizability model to calculate theo-
et al'® have presented evidence for several structural phasetical Raman spectra for the orthorhombi®)( tetragonal
transitions at 0.3, 2.3, 6, and 18 GPa under controlled shediT), and rhombohedralR) phases of pressure-polymerized
deformations. The early work on the polymerized phases o€,,. Burgos et al?® have studied possible phases of 3D
Ceo is summarized in excellent works by Eklund and Rao, Ceo-based fullerites using semiempirical potentials aaixl
Dresselhauset al,”® Kadish and Ruoff! and Sundqvist” initio density-functional methods. They present theoretical
The pressure-induced phases of quenchg@ve been fur- evidence for three closely related structures: two body-
ther studied in more details in several recentcentered orthorhombic and one body-centered cubic; 3D
investigations->* polymers with semiconducting properties. Chernozatonskii
Most recently Talyzinet al. have presented results of a et al?’ also present analysis of x-ray diffraction patterns on
detailed study on the pressure-induced polymerizationggf C HPHT quenched samplé€t3 GPa and 670—820)Ksupport-
at high temperaturesThese authors have studied a diagonaling the formation of a 3D polymerized phase. Davydov
section of theP-T diagram in HPHT samples starting from et al* and Marqueset al?® have presented evidence for
room temperature and 5.5 GPa, heating the sample up to 7§0essure-polymerized phases qf,CBlank et al*® have pre-
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sented collection and analysis of data on high-pressure polyrearly hydrostatic behavior up to about 10 GPas well as
merized phases ofgwith a pressure-temperature phase dia-up to about 20 GPa with a freezing pressure of 14.5 GPa at
gram up to 20 GPa and 2300 K. Obviously, properties offoom temperaturé In any event, the data measured with the
Ceo-based materials, and in particular of its polymerizeduse of this transmitting medium in the DAC are under nearly
phases, continue to be the subject of significant research abydrostatic pressures at least up to about 10 GPa. Because of
tivity. However, as stated above, a large number of the inthe mechanical mechanism by which pressure is increased by
vestigations have focused on samples prepared by the HPHIDhtening, one by one, four screws on the DAC; it is pos-
treatments and subsequently subjected to high pressuresible that the sample experiences shear deformation. Applied
Since, the eventual structure of the material may depend oBressures were calculated by measuring pressure-induced
the synthesis route employed, it is of interest to investigat&hifts in the Ruby fluorescence peaks. The measured Raman

effects of pressure on samples synthesized by techniques trRRectra were analyzed for the central frequency of the bands
do not rely solely on the HPHT treatment. and their full width at half maximunfFWHM) by nonlinear

In the present work, we have advanced our preliminar)JeaSt'Sq“areS technique by using Gaussian functions. The
work, reported elsewhef8;32on the effects of pressure on performance of the Raman spectrometer and the accuracy of
the structure of g, in samples that are not prepared by thethe data analysis techniques were thoroughly tested by re-

HPHT treatment. Using high-resolution Raman spectrospea’[ed measur.emenFs of the wgll-kn_own Ram?‘” bands in
copy, we present evidence for structural phase transitions a veral_ 1m§terlals, €. 1332'C'_Qh_ line of diamond,
observe that the material retains its structure that existed urR2+-cM line (.)f single-crystal silicon, the_fluorescence
der 31.1 GPa at room temperature. Additionally, by usingpeaks of ruby, different Raman bands of pristing Gtc. In
x-ray diffraction analysis with a 30pm-diameter collimated each case, excellent agreement was observed between our
x-ray beam, we identify the high-pressul.1 GPa struc- meas“feme”ts_%g‘gG_the well-knpwn results for each one of
ture of G, consisting of a mixture of body-centered ortho- these sz_ample?. ' Since it is known that g, can be
rhombic, rhombohedral, and an unidentified phase. Interes{:20Iymerlzecj under laser irradiation, .Raman spectra were
ing results of our work on the non-HPHT samples can pdneasured at selected pressures for different power Ieve_ls of
summarized as followsi) similar to the earlier results on the the argon ion laser between 20 and 100 mW. In the final
HPHT samples, we too observe pressure-induced phase tra?f:'alys's’ care was taken to account for the laser power de-
sitions, (i) we characterize the crystal structure of the high_pendence of thg spectra. .Havmg Ioa_ded the sample and the
pressure31.1 GPaphase as a mixture of the body-centeredpressure transmitting medlum,. four different sets of measure-
orthorhombic, rhombohedral, and an unidentified phase, an'a‘en.tS were made b@’?. Increasing the pressure from almost
(iii) at variance with the results on the HPHT samples, we d@mpient to 31.1 GP4ji) decreasing the pressure from 31.1
not observe the so-called hard and superhard phases in ogf & down to aimost ambieriii ) once again increasing the
sample after it has been subjected to four different sequencé’éeSsure from almost ambient to 27 GPa, and finéilly

of pressuresdescribed beloybetween ambient and 31.1 releasing the pressure down to ambient, after which the
GPa. sample was recovered for x-ray diffractigkRD) analysis

The outline of the remainder of the manuscript is as fol-(Iabeled as the “recovered sample” in the remainder of the

lows: Section Il provides a brief summary of the experimen—teXt)' In the following, these pressure sequences are labeled,

tal details, Sec. Il presents the main results and their discud®’ the sake of clarity, as the first, second, third, and fourth

sion, and Sec. IV presents the conclusions. pressure sequences.
The x-ray diffraction(XRD) measurements were made by

Il. EXPERIMENTAL DETAILS using a Rigaku/Curved IP two-dimensional x-ray diffracto-
meter system. This diffractometer uses a well-collimatée
The Gso powder of 99.9% purity and containing 1-10R  ameter about 300um) x-ray beam of wavelength
particles, obtained from MER, was used in this wdtk. = 22897 nm from a Cr targeK(, line) and a cylindrical
High-resolution Raman spectra were measured by using gnaging plate. The system can measure 2D x-ray diffraction
1.25-m, /11 monochromator, 1200- and 2400-g/mm ion-mage over a broad range, covering 204°hdrizontally and
etched blazed holographic diffraction gratings, liquid- +45° 29 vertically from the direct beam position. In trans-
nitrogen-cooled charge-coupled devicCCD) camera, mission, the complete area is recorded simultanecigsiy-
Super-Notch-Plus filter, argon-ion laser operating at 514.%)jete Debye Sherrer ringgith 26<45°. Integrating out the
nm and at< 100 mW(assuming a Gaussian beam profile for y dimension of the recorded 2D image produces intensity vs
the 2.4< 10~ %-m-diameter laser beam, the spot size on theyg plot, the conventional powder pattern, which can be ana-

sample is estimated to be aboafl0 xm), and SpectraMax |yzed by using the powder-diffraction analysis software for
for Windows software. The £ powder was loaded in a dia- jdentifying the structure of the material, eft.

mond anvil cell (DAC) containing pre-indented stainless

steel gasket with a 20@m hole. We present data from two lll. RESULTS AND DISCUSSION
sets of experiments that were conductégiwithout using a
pressure transmitting medium in the DA@niaxial pres-
sure, and(ii) by using a mixture of methanol:ethanol:water = Representative Raman spectra in the vicinity of the
(16:3:1) as the pressure transmitting medium in the DACHy(7), Ag(2), andH4(8) modes, as well as a 1625-ch
(nearly hydrostatic pressureThis particular pressure trans- band of Gymeasured at different pressures up to 31.1 GPa at
mitting medium has been characterized with a range ofoom temperature, are shown in Figall A reference spec-

A. Raman spectroscopy

024106-2



RAMAN SPECTROSCOPY AND X-RAY DIFFRACTION . .. PHYSICAL REVIEW B8, 024106 (2003

15.5GPa 31.1GPa
14.7GPa 26.8GPa
9.1GPa 23.5GPa
1654 Pristine C_
19.6GPa
5.5GPa
17.1GPa
14223
0.55GPa joro4
16256
1400 1500 1600 1700 1400 1500 1600 1700 1400 1500 1600 1700
(a) Raman shift (1/cm) Raman shift (1/cm) (b) Rarman shift{1/cm)

FIG. 1. (a) Raman spectra measured for nonhydrostatic conditions fgp@vder compressed in a diamond anvil cell under different
pressures, in the range from 0.55 to 31.1 GPa, at room temperatiyeRaman spectra measured for pristing fowder under ambient
conditions.

trum measured for pristineggunder ambient conditions is up to about 4 GPa(ii) however, for 4<P<13 GPa, the
also shown in Fig. ). The reference spectrum, clearly transmitting medium affects the pressure dependence of the
showingHy(7), Ag(2), andH4(8) bands with Raman shifts Aj(2) band. In experiments conducted without the use of the
of 1423, 1466 and 1570 cnﬁg, respectively, is in excellent transmlttmg medium, we observe clearly in the upper inset
agreement with the well-known Raman spectrum characteiof Fig. 2 that(i) the frequency of theé\y(2) band increases
istic of pristine Go.*>* In agreement with published linearly with increasing pressure up to about 4 Gffla,be-
resultst’ the Raman bands of compressegh @re weak in  tween about 4 and 8.28 GPa, these frequencies do not follow
comparison to the shape of these bands measured under athe linearity observed up to 4 GPa. Over this range of pres-
bient conditions, particularly th&,(2) mode. There are two sures, the measured frequencies are significantly lower than
reasons for the weakness of the Raman signal; namely, the values expected from an extrapolation of the low-
relatively small cross sections for the inelastic scattering opressure linear behavior. We observe a turnaround in the fre-
light and a very small amount of sample inside the 200-  quencies at around 7.26 GPa, above which they follow the
diameter hole in<250-um-thick gasket in the DAC. The linear pressure dependence observed from ambient to about
mean frequencies of the Raman bands, identified with thd GPa. In the case of the data collected by using the
Hg(7), Ag(2), Hy(8) modes and the 1625-crh band of  pressure-transmitting medium, we observe that the frequency
Cgo are plotted as a function of pressure in Fig. 2. The dataf the Ay(2) band increases with increasing pressure from
on the most pronounceéy(2) band are collected from a almost ambient to 5.38 GPa. Between 5.38 and 23.5 GPa, the
large number of measurements that were m@dby apply- measured frequencies deviate from this linear dependence. In
ing uniaxial as well as hydrostatic pressufap to about 10 this case, a turnaround in the values of the frequency is ob-
GPa and (ii) by running the spectrometer at high and veryserved to occur at about 13.1 GPa. The pressure dependence
high resolutions[FWHM (4.5+0.1) and (2.2:0.1) cm ! of the Ay(2) band is qualitatively similar in that the fre-
for the 1332 cm* diamond line, respectivelyThe pressure quency of this band increases linearly with pressure from
dependence of the most pronoundgg2) band is remark- ambient to some pressure, deviates from this low-pressure
able and it shows thdt) the use of the transmitting medium linearity over a certain range of intermediate pressures, and
has little effect on the frequencies of thAg(2) Raman band returns to the low-pressure linear dependence at high pres-
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FIG. 2. Mean frequencies of they(7), A4(2), Hy(8), and1625-cnm* Raman bands as a function of pressure, for the first pressure
sequenceépressure increased from almost ambient to 31.1)@Paoom temperature. The opémfilled) symbols represent data obtained
from Raman spectra measured without the use of a pressure transmitting medium in tHerbe@l pressurgsThe lines are drawn only
to aid the eyes. The structural phase transitions are evidendgddsyiations from a linear pressure dependence beginning at around 4 GPa,
and (ii) appearance of additional bands at pressures higher than about 15 GPa. The upper inset shows details of the nonlinear behavior for
the frequencies of thé,(2) band measured without the use of the pressure transmitting medium in the DAC. The lower inset shows
evidence for reversible behavior of the pressure dependence of the spectra measured using the transmitting medium {filtke E&@s
represent data for increasing pressures; and the stars represent data for decresing)pressures

sures. As the lower inset in Fig. 2 shows, the nonlinear presthe other studies observe an almost linear pressure depen-
sure dependence of thfg,(2) band for 6<sP<8 GPa is re- dence of the Raman shifts over the same range of pressures.
versible. The deviations from the linear behavior observed afolbert et al* conducted Raman experiments og, €rys-

low pressures may signal the occurrence of a phase trangals grown by heating the g powder in a temperature gra-
tion. While certain works report observations of structuraldient under 10° Torr. They used either methanol:ethanol-
phase transitions in the range 4—6 GPa, others report lineawater (16:3:1), or liquid nitrogen, or liquid argon for the
pressure dependence of the Raman shifts up to about 10 GRaessure transmitting medium in the DAC and measured Ra-
The occurrence of phase transitionsRPs 10 GPa at room man spectra as functions of pressure up to 18 GPa and as
temperature is supported by several published works. One dfinctions of temperature between 4 and 360 K. Contrary to
the strongest evidences for a phase transition in pristgge C our findings, these authors observed neither significant
whereby its simple cubic structure changes into 1D orthochanges due to the use of the pressure transmitting medium
rhombic polymerized phase, comes from the IR spectroscopyor deviations from linearity up to about 10 GPa. On the
study by Yamawakét al,'® who observed the appearance of other hand, Chandrabhas al'® observed considerable soft-
different absorption bands and marked reduction in the intenening of theA4(2) mode around 0.35 GPa. They observed
sity of the original bands at about 4 GPa due to pressurgignificant increase in the linewidth and decrease in the in-
(hydrostati¢ induced polymerization of . Yoo and tensity of theAy(2) mode with increasing pressures up to
Nellis'” also reported a phase transformation, albeit at about 12.7 GPa. Although these authors did not particularly
higher pressure, from weakly interactinggGnolecules to  address the occurrence of a phase transition, their data
strongly interacting g, agglomerates or networks. These au-clearly indicate a change in the pressure dependence of the
thors observed that all of the vibrational modes shifted lin-frequency of theAy(2) mode around 3 GPa. Whether this
early with pressure up to about 10 GPa and deviated fronreshange in the slope of the Raman frequencies vs pressure
linearity with the appearance of a “knee” between 10 and 15corresponds to a phase transitigimilar to the pressure-
GPa. Additionally, the volume compression data fop & induced phase transition to the rotation-free simple cubic
room temperatufé“3have shown evidence for a phase tran-phase at about 2.5 GPa observed by Meletbal ) remains
sition at P<6 GPa. Under hydrostatic conditions, the vol- a possibility. Meletowet al. have studied the pressure depen-
ume was observed to decrease smoothly with increasindence of the Raman spectra qf,Gingle crystals up to about
pressure up to about 22 GPa. However, under nonhydrostati2 GPa at room temperature. They observed two phase tran-
conditions, a much smaller compression of, ©@bserved sitions, one at 0.4 GPa and another at 2.5 GPa. These
above about 5 GPa is believed to be evidence for the roonpressure-induced phase transitions were attributed to orienta-
temperature polymerization ofsg. Contrary to these results, tional ordering from fcc to sc structure, and a rotation-free
which support a phase transition at around 4—6 GPa, some ofientationally ordered sc phase, respectively. Hagtesl **
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have studied g up to 28 GPa by XRD and observed a V30
significant broadening of the diffraction lines above 10 GPa
and diffuse scattering at 23 GPa. They also observed a fea  47g9
tureless pattern at 28 GPa due to the highly disorganizec * z. . »* & o
nature of the material at this pressure. Additional discussion M o
of the similarities and differences between the experimental 1690
conditions in several of these works, and other possible reag
sons for the observed nonlinear pressure dependence of trS 400
Raman shifts in our data, will be reported elsewh®re. g

In view of these results, the main features of the pressures
dependence of thdy(2) band up to about 31.1 GPa can g W0 o .
therefore be summarized as follows) the frequency of the £ . o 8%, o 0 .
Aqy(2) band increases linearly with increasing uniaxial pres-ez 4599
sure between ambient and 4 GFia), between 4 and 8 GPa,
these frequencies deviate from linearity, exhibit a turnaround ¢ 00 50 a0y Ge O # O @
at about 7.26 GPa, and then resume the linear pressure di 1430
pendence up to 31.1 GPdij ) under hydrostatic conditions,
the pressure dependence of thg(2) band is qualitatively
similar. Although the range of the linear behavior and the
turnaround pressure are differefiy) as is clear from Fig. Pressure(GPa)
1(a), a major change in the shape of the Raman spectrum .
o(cgurs at Jaround g4.7 GPa. Thg spectrum at 14.7pGPa g FIC. 3. Mean frequencies of thily(7), Ag(2), Hy(8), and

—enil i
exceedingly broad and it probably encompasses contribul-ezs cm - Raman bands as a function of pressure, for the second

tions from other neighboring bands, indicating the occyrPressure sequenchlled symbols, pressure released from 31.1 GPa

rence of a phase transition at about 14.7 GPa, @hd/et to a!most ambiel?tand third pressure sequer@pen symbols, once
another change in the shape of the spectrum occurs at aroufig2"™ Pressure increased from almost ambient to 27.5 @Rraom
27 GPa, where newer bands appear. These observations lemperature. The sample was loaded with the transmitting medium
in good agreement with previously published data on HPHT" the DAC.
quenched samplésnd they signal the occurrence of struc-
tural phase transitions in the material. In this context, it is=0.228 97 nm from a Cr targetK(, line). These spectra
important to note that Okadet al,** based on their calcula- were measured for theggsample recoverefFig. 5a)] after
tions using density-functional theory, had predicted a phasgompletion of all four pressure sequences described above
transformation of G from its 2D polymerized tetragonal and pristine G, [Fig. 5(b)]. During these experiments, the
phase to 3D polymerized structure under uniaxial pressure Gfample had been subjected to the following sequence of
about 20 GPa. It is interesting to note that similar Changeﬁ]creasing/decreasing pressure Sequer('cm:nbient to31.1
are observed in HPHT quenched samples as well as in prigspa,(ii) 31.1 GPa to ambientjii) ambient to 27.5 GPa, and
tine Ggo compressed in the present work. finally (iv) pressure release down to ambient, after which the
In Fig. 3, we show the pressure dependence of the Ramagample was recovered for XRD analysis. The Debye Scher-
frequencies for the second and third pressure sequencegy rings, measured for the referencg, @owder and recov-
which consisted ofi) pressure release; releasing pressure irered sample, are also shown in Fig. 5. The rings are circular
small steps starting from 31.1 GPa down to almost ambieny shape with spots indicating preferential orientation of the
pressure, andii) once again increase of pressure from am-grains. In the case of the recovered saniple1-GPa phase
bient to about 27.5 GPa. The frequencies of these Ramafe preferred orientation of the grains may be due to the fact
bands are more or less independent of pressure after the M@mt the pressure transmitting medium becomes nonhydro-
terial had been compressed under 31.1 GPa. Figure 4 showgatic above about 10 GPa. Consequently, the material must
spectra recorded for the sample under 31.1 GPa as well as faave been compressed uniaxialy above this pressure and cer-
the recovered sample. There is hardly any change in thgyinly at around 31.1 GPa, the highest pressure applied in the
Ay(2) band observed in these two spectra. It is clear that thgresent investigations. Additionally, as discussed under Ex-
sample, having been compressed to 31.1 GPa at room tergerimental Details, it is possible that the sample had experi-
perature in the first pressure sequence, retains its highenced shear deformation to some extent. In Table 1, we list
pressurg31.1 GPaphase, which can be characterized with details for a total of 13 peaks resolved in the XRD spectrum
Raman bands of frequencies of about 1468, 1538, andf the recovered sample. In addition t6 2alues(peak cen-
1680 cm . In the following, we take advantage of this find- troids), the table also includes results for interplanar spacing
ing and characterize the structure of the high-pres&8tel  d,,, relative intensity, and FWHM of each peak resolvéd.
GP3 phase of the material by conducting x-ray diffraction |n order to better understand the complex structure of the
analysis. material, we have carried out simulations for the intensity vs
20 patterns using crystallographic parameters for the ex-
pected phases of the material. The simulations of the x-ray
Figure 5 shows XRD spectra measured by using aboveatterns were made by starting with published values of the
described 30Qsm-diameter x-ray beam of wavelength atomic coordinates for the body-centered orthorhombic

0 5 10 15 20 2% 30

B. X-ray diffraction
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FIG. 4. Raman spectra measured fgp Compressed under 31.1
GPa and recovered sample. As described in the text, these data we @
obtained by loading the sample with the transmitting medium in the =
DAC.

nsity(arb. unit)

nt

(BCO, Immm), rhombohedral(R?m), hard and superhard W L-WJ

body-centered cubic, and tetragonal structGfé&=’4°5-47

We made refinements in these simulations by varying, within 15 15 20 25 30 35 40
reasonable limits, the crystallographic paramet@adtice 28(°
constants were varied up t02% from their values givenin ~ (® o(")

these referenceén order to improve agreement between the _
measured spectra and the simulations. In these exercises,d'E';IG'hg'séa)rzczsefsgcgf?e:nigfn“rle‘:. for t?e ﬁ"?h'pressmk'l )
the centroids of the simulated and measured pé2Rkval- P : pietion of afl our pressure se
. N . . . qguences between ambient and 31.1 GPa described in the text. The
ges) were W'thm.i 0.1°, the simulation was conS|dered. to be.sample was loaded in the DAC along with the transmitting medium.
in agreement with the measurement'. As the' results I|st_ed IBhe insets show Debye Sherrer rings) XRD spectra measured
the table show, the recovered material consists of a mixturg,, pristine G, powder. The insets show Debye Sherrer rings. The
of the body-centered orthorhombitmmm 38%), rhombo-  requits of the curve fit, representing the structures listed in Table 1,
hedral R3m, 30%), and an unidentified structure. The crys- are also shown.
tallographic parameters for the BC@nmm and R (R3m)
phases, that provide the best fit for the measured XRD speg¢he measured and simulated spectra when simulations are
trum, are a=0.911 nm, b=0.978 nm, c=1.450 nm, and made by using crystallographic parameters for the hard and
ro=0.355nm for the BCOmmm), anda=0.916 nm,c  superhard structures. These hard and superhard structures
=2.450 nm, and ,,=0.36 nm for theR3m phases, respec- have been identified previously in the HPHT quenched
tively. These parameters are in excellent agreement witsamples that were obtained after 13 GPa at 670 and 820 K,
those published previousf§Although the remaining 32% of respectively. The unit-cell parameters for these structures
the mixture is not clearly identified as yet, we have ruled outhave been determined in earlier publications as
the presence of so-called hard and superhard phases in the0.873 nm, b=0.916 nm, c¢=1.294nm, and V
recovered material. At variance with results on HPHT=0.517 nni, for the hard structure, and=0.867 nm, b
quenched sampléé*’ we do not obtain good fits between =0.881 nm,c=1.260 nm, and/=0.481 nm, for the super-
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TABLE |. XRD analysis of the recovered materie81.1-GPa  (573-673 K and 5 GPa, they observed a disordered phase,
phasg¢. The sample was loaded with the transmitting medium in thepelieved to be fcc with some distortion of the unit cedb-
DAC and subjected to the pressure sequences described in the teghlled “soft fcc”). When treated at 773-1073 K at 5 GPa, a
rhombohedral structure was observed. Oszlayil >° have

Relative - observed an amorphous phase gf @mpressed to about 10
Peak dE\kl '”tins'ty Identified GPa. Snoket al®! also observed fullerene Raman peaks up
Number 2 (hkl) (A) (%) FWHM  structure to about 20 GPa. At around 22 GPa the two strongest high-
1 12.642 14.8 1.36 frequency peaks were observed to merge into one band,
2 14.146 26.4 1.36 which persisted up to about 42 GPa with |rrever_5|ble Raman
3 16.097 003 8.167 43.6 119  rhombohedral SPECrUM upon pressure release down to ambient pressure.
4 16.233 011 8108 747 139 BCO (S)n tl?e balsu_sdof t_r;_e gzarTarr:_ st;])ectra of vanhous cart;)on forms,
5 17369 101 7.547 53  1.36 rhombohedral SNOXE€t al. identified the high-pressure phase to be amor-
phous carbon. Moshasmt al>* studied the shift of the optical
6 19.798 102 6.659 64.6 1.36 rhombohedral .
edge as a function of pressure up to about 35 GPa and ob-
7 21.634 004 6.125 26.3 1.36 rhombohedral . . - u "
8 92 584 10.0 136 served an irreversible transition to a “transparent phase” be-
9 26.986 112 4907 5‘3 1‘49 BCO tween 17 and 25 GPa. Based on the Raman spectrum of the
: : . ' depressurized sample, they concluded thatwas destroyed
10 27.096 020 4.890 10000 1.64 BCO at the high-pressure transition producing a “collapsed fuller-
11 28.287 10.2 1.30 ite” (CF) phase, which they believed to be a new amorphous
12 28.3%5 3.7 122 carbon. The XRD measurements of Haines and Légemn-
13 38410 123 074 firmed the formation of the CF phase above 23 GPa and

observed featureless XRD data at 28 GPa indicating trans-

., .. . H 19 f
hard structuré’ Additional work is in progress to determine formation to amorphous carbon. Blaek al.”” have carried

details of the structural and electronic properties of similafout & detailed study of the structure ofgGullerite up to
Ceo based materialé about 37 GPa with shear deformation. They found two states

In spite of significant research, the structure gf 6ub-  Of fullerite at high pressures under controlled shear deforma-

jected to high pressureB=30 GPa at room temperature, is tion, which persisted after pressure release. Blatnal. fur-

not yet clearly understood. We present a brief discussion ofher observed, from Raman spectroscopy measurements, that
some of the recent and relevant data and re-emphasize irfreo Molecules persisted in both states with evidence for
portant differences between the experimental conditions ofréssure-induced polymerization. These authors presented
our and previous experiments. Hopefully, this will help in evidence for phase transitions at 0.3, 2._3, 6, an_d_18 GPa. At
arriving at a better understanding of our results and stimulaté-3 GPa, the sample became opaque in the visible, but re-
further investigations of the structure and properties of nonmained transparent in the IR. At the transition at 6 GPa, the
HPHT Gy, compressed under high pressures at room temsample beg:ame opaque in both visible and near IR regions.
perature. A meaningful comparison between the present réLhe transition at 18 GPa recovers sample transparency in the
sults and the results of the previous experiments should béSible and near IR regions. A state producedat 18 GPa
done in the context of the experimental conditions, namelyith shear deformation was observed to be harder than dia-
(i) the range and nature of applied pressufegdrostatic, mond and transparent in the near infrared and visible re-
nonhydrostatic, and shear deformatiofii) sample tempera- 9ions. Blanket al. assumed that & molecules were pre-
ture, (iii ) irradiation conditions, i.e., laser power, spectral de-Served in fullerite in both of these high-pressure states, their
tails, duration of irradiation, etc. Although several previousStructures being distinguishable by the degree of polymeriza-
studies have presented evidence for amorphous structure Bpn- Besides confirming the prediction by Ruoff and Ribff
compressed £, our data show that the recovered materialthat at high pressures, when the mtermolecular distances in
(31.1-GPa phageconsists of body-centered orthorhombic, fullerite becgme comparable to the _mtramolecular c-C
rhombohedral, and an unidentified structure. In the follow-Ponds, fullerites may be harder than diamond, the study by
ing, we present a brief discussion of relevant published reBlank et al. reafflrmed the fact that different geometngal pa-
sults, some of which support our findings in that crystallinerameters cause different values of the pressure gradients and
structures are present in the compressed material. Ducléhifferent conditions of deformation. All of this affects the
et al*? have studied compression ofQunder both hydro- phase transforr_naﬂon process and relatlv&proportlons_ of dif-
static and nonhydrostatic conditions. They observed that thiérent phases in the sample. Meleteval™™ have studied

fce structure remains stable under hydrostatic conditions uptructural stability of the rhombohedral 2D polymeric phase
to about 20 GPa and a transition to a crystallographic struc?f Ceo in HPHT samples by using Raman spectroscopy. The
ture of lower symmetry occurs at about 16 GPa. NunezXRD analysis of the starting HPHT sample showed that the
Regueiroet al*® have presented evidence for the existencecrystal structure of the polymer was rhombohedr@Bin,

of polycrystalline diamond and preponderantly tetrahedri-with a=0.922 nm ancc=2.46 nm). They observed signifi-
cally coordinated amorphous carbon phase jg tBat was cant changes in the Raman spectrunPat15 GPa, where
compressed by applying nonhydrostatic pressures of abotite spectrum became very diffuse and lost its fine structure.
20 GPa. lwasaet al*® observed two different polymeric They further observed that &>15 GPa, Raman spectra
phases in g heated under 5 GPa. At low temperatureschanged drastically from the initial spectrum of the 2D
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rhombohedral phase. These authors concluded that the 2figh pressures, or by a combination of these variables. As it
rhombohedral polymeric phase undergoes an irreversiblis noted by Sundqvi€t random lengths and directions of
change to a disordered phasePat 15 GPa, and noted that linearly polymerized molecules create disorder in the struc-
this observation was not in step with the theoretical calculature of the material. Disorder is not unexpected, since poly-
tions by Burgoset al,?® which predicted regular covalent Merization is almost always carried out by heating a sample
bonding between the polymeric sheets under pressurd) the fcc phase, with almost freely rotating molecules and
Agafonovet al® have observed that a pressure-temperaturdus no preferred bonding directions. Additionally, the pres-
treatment of G, at 1.5 GPa and 723 K produces an ortho-SUré gradients on the sample coyld promote d|so.rder. Al-
thombic structured’, which is significantly different from f[hough the pressure-treated materlals'are usually disordered,
the orthorhombic phase formed at 8 GPa and 573 K. Thét has also been_ rep(_)rt?dthat large single crystals c_oulc_J

: ; . also be polymerized into well ordered states by application
unit-cell volume of theD’ phase is larger than that of tia . :

hase: 0658 nfvs 0.641—0.650 nfn for the O phase. qf hydrostatic pressures 1.1 GPa at 550-585 K. Much addi-
'FI)'hese, authors provide the unit-cell parameters fopr this nev;[\gonal research is needed to better understand the rich and

, ; omplex phase diagram ofy§; especially when the material
O phase as a=(0.9098 0'0006), nm, b=(0.983 g subjected to extended laser irradiation under high pres-
+0.001) nm,c=(1.472-0.002) nm, which should be com- g reg(inclusive of hydrostatic, nonhydrostatic, and shear de-
pared with the unit-cell parameters for t@ phase,a  formation at room temperature as well as at elevated tem-
=(0.926-0.929) nm, b=(0.981-0.988) nm, C  peratures. Additional research is also needed to better
=(1.408-1.422) nm. Based on the Raman, XRD, andinderstand the nature of the nonlinear pressure dependence
electron-diffraction analyses, these authors conclude, if the A4(2) band of Gy between 4 and 7 GP@niaxial
agreement with earlier observation by Marqetsl.,”® that  pressuresas well as the role of the pressure-transmitting
this new phase@') is a distorted fcc phase, and it is an medium in the observed pressure dependencies.
intermediate stage for the tetragonal phase preferentially
formed at higher pressure-temperature conditions.

It is clear from the above discussion that phase transfor- IV. CONCLUSIONS

mations of Gy under high pressuréhydrostatic, nonhydro-

static, shear deformationand high temperature are complex In conclusion, we have measured Raman spectra for pris-

and not completely understood. The high-press(Be.1 tine G compressed in diamond anvil cell for a range of
GP3 structure observed in our sample, i.e., a mixture of th ressures from almost ambient t0 31.1 GPa at room tempera-
body-centered orthorhombic, rhombohedral, and an uniden-'¢- We have conducted a series of experiments with and

tified phase, is different in that we do not observe an amory\’ithom the use of a pressure transmitting medium in the

phous phase in the material. The cell parameters obtaine[%AC' In agreement with previously pu_bllshed Raman spec-
from our XRD analysis,a=0.911 nm, b=0.978 nm, ¢ roscopy data,_we observe changes in the pressure _depen-
—1.450 nm. and . —0 35’5 nm.for the ,BCQI.mmn) a’md dence of certain Raman modes that are consistent with the
4 ' av— Y- !

occurrence of several structural phase transitions gfu@-
a=0.916 nm,c=2.450 nm, and ,,=0.36 nm for theR3m  ya high pressures at room temperature. Upon lowering the
phases, respectively, are in excellent agreement with knowgressure from 31.1 GPa down to almost ambient, the details

results® Additionally, a recent study shows that HPHT o the Raman bands remain more or less unchanged. The
treatment of G, (6 GPa at 1025-1050)kcan produce mag- material therefore retains its structure that it had acquired at
netically ordered rhombohedralsCwith cell parameterss  high pressures up to 31.1 GPa. XRD measurements on the
=0.9204 nm andh=2.461 nm, which are in excellent agree- recovered materighigh-pressure phasby using a 30Qxm-

ment with our results for the rhombohedral phase. Althoughyjiameter collimated beam show that the high-pressure phase
we are not certain about the precise reasons for the absenggnsists of a mixture of the BCOmmm), rhombohedral

?gea?oﬁgnvzaphzisee?rﬁ;eﬂg} gg;jﬁﬂrgﬁée’wm?cﬁrm’ attteT:onat?Rgm)’ and an unidentified structure. The cell parameters
g exp ’ 9Nt P1aY a4 the identified phases are in excellent agreement with the

rolren|r|1 thhe :;mt?l s;ructg're tofdtl?[e r‘r}atrerr;al)n;)iu:lp(rjlsftln(re Qro published results. The Debye Scherrer rings for the recov-
sampie had been subjected to aforementioned four Pressufge 4 sample are observed to be circular in shape with spots
sequences prior to recovery for the XRD analysis), the

. d ... indicating preferential orientation of the grains in the high-

material was compressed under nonhydrostatic condition !
o ressure phase of the material.

above about 10 GPa, where the pressure transmitting me-
dium no longer offers hydrostatic conditiondj) it is pos-
sible that _the material experiences §hear defqrmaju@yn);, ACKNOWLEDGMENTS
the material was exposed to argon-ion laser irradiation for
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