PHYSICAL REVIEW B, VOLUME 63, 054106

Pressure-induced phase in tetragonal two-dimensional polymeric &

K. P. Meletov
Physics Division, School of Technology, Aristotle University of Thessaloniki, GR-540 06 Thessaloniki, Greece
and Institute of Solid State Physics RAS, Chernogolovka, Moscow region, 142432, Russia

J. Arvanitidis
Physics Department, Aristotle University of Thessaloniki, GR-540 06 Thessaloniki, Greece

E. Tsilika, S. Assimopoulos, and G. A. Kourouklis
Physics Division, School of Technology, Aristotle University of Thessaloniki, GR-540 06 Thessaloniki, Greece

S. Ves
Physics Department, Aristotle University of Thessaloniki, GR-540 06 Thessaloniki, Greece

A. Soldatov
School of Chemistry, Physics and Environmental Science, University of Sussex, Brighton BN1 9QJ, United Kingdom
and Department of Experimental Physics, Umea University, S-901 87, Umea, Sweden

K. Prassides
School of Chemistry, Physics and Environmental Science, University of Sussex, Brighton BN1 9QJ, United Kingdom
(Received 21 March 2000; published 10 January 2001

The behavior of the phonon modes of the tetragonal phase of the two-dimensional polymeggikad Been
studied as a function of pressure, up to 27.5 GPa, at room temperature by means of Raman spectroscopy.
Gradual transformation of the material to a new phase was observed in the pressure region 19.0-21.0 GPa. As
a result of this phase transformation dramatic changes in the Raman spectrum have been recorded. Namely, the
total number of bands was reduced and a number of very strong peaks appeared. The Raman spectrum
characteristics provide strong indication that the fullerene molecular cage is retained and therefore the high-
pressure phase may be related to a three-dimensionally polymerigzegh@se. The high-pressure phase
remains stable upon pressure decrease from 27.5 down to 9 GPa. Further release of pressure leads to the
destruction of this high-pressure phase to a highly disordered structure whose broad features in the Raman
spectrum resemble those of amorphous carbon.
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INTRODUCTION the three-dimensionally polymerized fullerite might be
formed by the application of uniaxial pressure on the two-
The behavior of g fullerite under high pressure has been dimensional(2D) polymeric tetragonal phase ofgf Ac-
studied intensively in recent years due to the great interest igording to their calculations, polymerization will take place
its pressure response. A variety of structural transformationat a value of the lattice constant=10.7 A, which will be
of fullerite to amorphous graphite, diamond and “collapsed” attained at pressure of 20.2 GPa. This polymerization will
fullerite, as well as to other crystalline carbon networks,result in the formation of a stable phase with metallic prop-
were reported at the early stages of fullerene stubiiésater ~ erties and with 2dp® and 36 p” hybridized C atoms in each
new phases of polymerized fullerites have been synthesizedeo Molecule. To explore this prediction we have studied the
starting from the pristine g material by the use of high- pressure response of the two-dimensional tetragongl C
pressure and high-temperature treatmehtThe various polymer at pressure up to 21.5 GPa by.means of R_aman
crystal structures of the polymers have been identifie pectroscopy using the h|gh-pressure diamond anvil cejl
clearly as one-dimensional orthorhomBitwo-dimensional DAC) techmqqe. Our studies have fOCL%S?gHO” the experi-
tetragonaf and two-dimensional rhombohedral pha3és. menrt]al verification of tPehtheoreUcal pbreﬁlc'u_ safs \;]vell as
The polymerization is attained by the so-calgh-2] cy- on the investigation of the pressure behavior of the phonon

cloaddition mechanism via the formation of the four- modes of the 2D polymer of 4.
membered rings between adjacent fullerene moleéifes.
The most interesting results are those which led to the three-
dimensional polymerization of fullerité;'! a first stage to The samples used in the present study were prepared from
the synthesis of ultrahard phasés. sublimed 99.99% pure pristinggg&powder pressurized in a
Recently, Okadat al** have shown theoretically the pos- piston and cylinder device. The material was subjected to
sibility of three-dimensional3D) polymerization of fullerite  pressures in the range 2.3—-2.5 GPa at a temperature of about
using the density-functional theory. They have predicted tha820 K to obtain 2D polymerized & X-ray analysis of the
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FIG. 2. Raman spectra of the high-pressure phase of theggD-C

FIG. 1. Raman spectra of the 2D tetragong} olymeric phase | ¢ )
at room temperature for various pressures up to 27.5 GPa, record®@g!YmMer at room temperature for various pressures recorded upon
pressure decrease.

upon pressure increase.

samples from the same batch after the high-pressure treatie pressure-transmitting medium. The most important
ment confirmed that the crystal structure of the polymer ischanges in the Raman spectrum take place in the pressure
tetragonal (space group Immm a=9.082 A and c region between 19 and 21 GPa. In the midpoint of this region
=14.990 AP the Raman spectrum of the material becomes very weak and
Raman spectra were recorded using a triple monochrestructureless that is somehow similar to the Raman spectrum
mator (DILOR XY-500) equipped with a CCD liquid- of amorphous carbon. At pressures above 21 GPa a Raman
nitrogen cooled detector system. The spectral width of thepectrum appears which is probably related with a material
system was~4 cm 1. The 514.5 nm line of an Ar laser  transformation to a new phase. Further increase of pressure,
was used for excitation. The laser power was varied from @p to 27.5 GPa, results in intensity enhancement of most of
to 30 mW measured directly before the cell. Measurementthe observed peaks. The high-pressure Raman spectrum dif-
of the Raman spectra at high pressures were carried out usitfigrs significantly from the initial one in respect to the number
a diamond anvil cell of Mao-Bell typ¥ The 4:1 methanol- of peaks, their intensities, and positions. Despite the appear-
ethanol was used as pressure transmitting media and rulance of very intense peaks the total number of Raman active
fluorescence technique was used for pressure callibrition.modes in the final spectrum is almost half of the correspond-
The phonon frequencies were calculated by fitting Voigting number of modes in the lower pressure phase. The high-
functions to the experimental Raman spectra of the polymeipressure peaks are located in the frequency region above
The Raman spectra of the;@wo-dimensional tetragonal 1000 cm' !, with the most intense of them being at a fre-
polymer in the frequency region 200—2000 thand for  quency of~1850 cm . A number of less intense peaks are
pressure up to 27.5 GPa are illustrated in Fig. 1. The initialocated in the frequency region below 1000 cmThe ma-
spectrum at 1.1 GPa represents a typical Raman spectrum jofrity of the peaks can be tracked back to the peaks observed
this material and is identical with the spectra reportedin the tetragonal g polymer and may be related to the
earlier®1° This spectrum is richer in structure than that of fullerene molecular cage. Nevertheless some of the peaks,
the pristine Gy due to the splitting of the Raman active five- located in the high-energy region, do not have an obvious
fold degenerateH) phonon modes or to the activation of relation with the fullerene molecular cage and may have a
silent modes. As the pressure increases the frequencies adifferent origin.
the widths of the Raman bands gradually increase. The Figure 2 shows the Raman spectra of the material under
broadening of the Raman peaks is further enhanced for pregressure release. The decrease of pressure from 27.5 down to
sures higher than 13 GPa partly due to the solidification o® GPa does not lead to any observable changes in the Raman
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FIG. 3. The pressure dependence of the Raman modes of the FIG. 4. The pressure dependence of the Raman modes of the
tetragonal phase of the 2DgCpolymer, in the frequency region tetragonal phase of the 2DgCpolymer in the frequency region
1380-1960 cm*. The open(solid) symbols denote data taken for 780—1150 crii’. The symbols have the same meaning as in Fig. 3.
increasing(decreasing pressure; different symbols represent data
from different experimental runs. The dashed areas around 9 pressure runs. The pressure dependence of the phonon
and 2G-1 GPa denote pressure ranges of the phase changes. ,n4es up to 12 GPa, does not show any phase transition and

intensity distribution and the phase remains stable unddp totally reversible with pressure. On the contrary the pres-
pressure release in this high-pressure region. Further déuré behavior of phonon modes in the pressure region up to
crease of pressure results to a rapid vanishing of all promié7-5 GPa is not reversible and shows clearly a phase transi-
nent features in the Raman spectrum. At pressures lower th4|pn around 20 GPadashed argaThe slopes of the linear
9 GPa the spectrum loses most of its structure and contairf§s Of the pressure dependence of Raman frequencies change
two very broad and weak peaks at420 cnmil and  abruptly near~20 GPa, and a number of additional Raman
~1580 cmil. This spectrum is similar to the Raman Peaks appear at higher pressure, while some of the peaks
spectrum of amorphous carbon. The narrow peak aflisappear. The dashed area near 9 GPa shows the lower limit
~1840 cmi ! is retained in the spectrum down to a pressurePf stability of the high-pressure phase. At this pressure the
of 1.6 GPa and is most likely related to a trace of the highRaman spectrum of the material changes dramatically and
pressure phase. the majority of the Raman modes disappear. At lower pres-
Figures 3 and 4 show the pressure dependence of a nuriures the spectrum contains two very broad pea_ks and are-
ber of Raman active modes of thegpolymer in the pres- sidual peak of the most mEelnse one, obsgrvgd in the high-
sure region up to 27.5 GPa. The experimental data, shown ByfésSsure phase at1840 cm °. These data indicate that the
circles and triangles, were obtained in two independent predligh-pressure phase may not be stable betevGPa under
sure runs. The opefsolid) circles show the pressure depen- the. present exp(_arlmental conditions and transforms to a state
dence of the phonon frequencies under pressure incfease Which may be disordered.
lease up to 12 GPa. The ope(solid) triangles are related
with the second pressure run and show the pressure depen- DISCUSSION
dence of the same phonon modes under pressure increase
(release from ambient up to 27.5 GPa. The solid lines rep- The experimental data, obtained by means of high-
resent linear least-square fittings to the experimental dataressure Raman study of the tetragonal two-dimensional
both for increase and release of pressure in the region up folymeric phase of g, provide a strong indication that the
20 GPa. The dashed lines represent linear least-square fits nieaterial undergoes a phase transition-&@0 GPa. The spe-
the experimental data in the pressure region 20—27.5 GPa feific behavior of the Raman spectrum in the pressure region
increasing pressure and for the whole region of the dowmear the phase transition, namely, the gradual transformation
stroke circle. The data obtained in the pressure region up ttsom the initial well defined spectrum to a very diffuse and
12 GPa coincide, within the experimental accuracy, for botlstructureless one followed by a further transformation, at
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higher pressure, to a spectrum containing sharp and well dettribute this peak to the stretching vibration of the double
fined peaks, may be related to the high-pressure induce@=C bonds, which should be involved in the three-
three-dimensional polymerization of the material. The inter-dimensional network of the polymerized matefal.
mediate diffuse spectrum is associated, in our opinion, with a Despite the theoretical predictidf, the high-pressure
disordered precursor state of the material when a number gfhase is not stable and transforms to a different one under
double G=C bonds in the fullerene cage are destroyed in Pressure release below 9 GPa. The Raman spectrum of the
random way, whereas the polymeric bonds between adjaceﬂf‘a| phase has similarities with that of amorph_qus carbon.
molecules are not yet established. The wide pressure regioff€ do not exclude that the latter phase transition may be
where the material transformation takes place, as well as th&SO related to the second step of the insulator-to-metal phase
irreversibility of the transformation, are related to the factiransition predicted in Ref. 13 as a single phase transition
that the high-pressure induced polymerization is not exactlff®m two-dimensional to three-dimensional polymer of,C
a phase transition but a solid state chemical reaction. with metallic properties. In any case the Raman data ob-
The reduction of the total number of the Raman activetdined in the present study do not contradict this suggestion.
modes in the high-pressure phase indicates a higher symm@le also think that the deta|led. study of the hlg_h—pressure_
try for this phase. The appearance of additional well definedh@s€; by means of other experimental methods is needed in
strong Raman modes in this phase gf Giay be associated order to sh_ed light on the nature Qf thl_s phase. In_ our opinion,
with some changes in the fullerene molecular cage and thi'€ Most important would be am situ x-ray diffraction
creation of out of plane polymeric network resulting in three-Study Of the phase transition in the 2D tetragonal polymer of
dimensional polymerization. For example, the increasedso @t high pressure. This may provide complete information
number of thesp® hybridized carbon atoms peggmolecule about the structural characterlsncs_ of this hlgh-_pressure
may result in the enhancement of the Raman mode similar tghase, as well as the nature of the final state obtained upon
that of the diamond mode at 1332 ¢t We think that the ~Pr€SSure release.
Raman mode at 1150 ¢m conforms to this case. The dif-
ference in frequencies may be associated with the increase of
thesp® bond length from 1.54 A in diamond to 1.60 Ainthe ~ The support by the General Secretariat for Research and
three-dimensionally polymerized ¢&'® Concerning the Technology and the European Social Fuf@rant No.
most intense Raman peak of the high-pressure phase at 18fIENEA99, 9EA/62) is gratefully acknowledged. K.P.M.
cm™ 1, it should be mentioned that this cannot be related to acknowledges the support by the General Secretariat for Re-
fullerene molecular-cage mode and, most likely, it has dif-search and Technology, Greece, and the Russian Foundation
ferent origin. Assuming that the high-pressure phase infor Fundamental ReseardiGrant No. 99-02-17555 A.S.
volves a three-dimensional interfullerene bonding, we maywould like to thank the Royal Society for financial support.

ACKNOWLEDGMENTS

*Present address: Department of Physics, Harvard Universityt®V. V. Brazhkin, A. G. Lyapin, S. V. Popova, R. N. Voloshin,

Cambridge, MA 02138. Yu. N. Antonov, S. G. Lyapin, Yu. A. Kluev, A. N. Naletov, and
ID. W. Snoke, Y. S. Raptis, and K. Syassen, Phys. Rev5B N. N. Mel'nik, Phys. Rev. B56, 11 465(1997).
14 419(1992. 11, Marques, M. Mezouar, J.-L. Hodeau, M. Nunez-Regueiro,
2Mm. Nunez-Regueiro, P. Monceau, J.-L. Hodeau, Natumndon N. R. Serebryanaya, V. A. Ivdenko, V. D. Blank, and G. A.
355 237(1992. Dubitsky, Science83 720(1999.
3F. Moshary, N. H. Chen, I. F. Silvera, C. A. Brown, H. C. Dorn, V. D. Blank, S. G. Buga, N. R. Serebryanaya, G. A. Dubitsky,
M. S. de Vries, and D. S. Bethun, Phys. Rev. Lé&®, 466 S. N. Siluyanov, M. Yu. Popov, V. N. Denisov, A. N. Ivlev, and
(1992. B. N. Mavrin, Phys. Lett. A220, 149(1996.

4V. D. Blank, M. Yu. Popov, S. G. Buga, V. Davydov, V. N. 183, Okada, S. Saito, and A. Oshiyama, Phys. Rev. 188t1986
Denisov, A. N. Ivlev, B. N. Mavrin, V. Agafonov, R. Ceolin, H. (1999.
Szwarc, and A. Rassat, Phys. Lett.188 281 (1994). 14B. Renker, H. Schober, R. Heid, and B. Sundgqvist)ialecular
5Y. Iwasa, T. Arima, R. M. Fleming, T. Siegrist, O. Zhou, R. C. Nanostructuresedited by H. Kuzmany, J. Fink, M. Mehring,
Haddon, L. J. Rothberg, K. B. Lyons, H. L. Carter, Jr., A. F.  and S. RothWorld Scientific, Singapore, 1998p. 322.
Hebard, R. Tycko, G. Dabbagh, J. J. Krajevski, G. A. Thomas,°T. Wagberg, A. Soldatov, and B. Sundqvigtnpublished

and T. Yagi, Scienc@64, 1570(1994. N Jayaraman, Rev. Sci. Instrus7, 1013(1986.

5M. Nunez-Regueiro, L. Marques, J.-L. Hodeau, O. Bethoux, and’D. Barnett, S. Block, and G. J. Piermarini, Rev. Sci. Instrd#.
M. Perroux, Phys. Rev. Let?4, 278 (1995. 1(1973.

’I. O. Bashkin, V. I. Rashupkin, N. P. Kobelev, Ya. M. Soifer, *8J. Arvanitidis, K. P. Meletov, K. Papagelis, A. Soldatov, K. Pras-
E. G. Ponyatovskii, and A. P. Moravskii, Pis’ma Ztkdp. Teor. sides, G. A. Kourouklis, and S. Ves, Phys. Status Solid1B,
Fiz. 59, 258 (1994 [JETP Lett.59, 279(19949]. 443 (1999.

8A. M. Rao, P. Zhou, K.-A. Wang, G. T. Hager, J. M. Holden, Y. °J. Arvanitidis, K. P. Meletov, K. Papagelis, A. Soldatov, K. Pras-
Wang, W.-T. Lee, X.-X. Bi, P. C. Eklund, D. S. Comett, M. A. sides, G. A. Kourouklis, and S. Ves, High Press. Ré&s.be

Duncan, and I. J. Amster, Scien2&9, 955(1993. publishedl.
9A. M. Rao, P. C. Eklund, J.-L. Hodeau, L. Marques, and M. ?°D. A. Long, Raman SpectroscoiicGraw-Hill, London, 1978,
Nunez-Regueiro, Phys. Rev. &5, 4766(1997). p. 158.

054106-4



