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In situ Raman study of path-dependent G, polymerization: Isothermal compression

up to 32 GPa at 800 K

A. V. Talyzin and L. S. Dubrovinsky
Bayerisches Geoinstitut, UniversitBayreuth, D-95440 Bayreuth, Germany
(Received 1 October 2003; published 23 December 003

In situ Raman study of g isothermal compression at 800 K and up to 32 GPa was performed using
rhombohedral or tetragonal phases as starting materials. Rhombohedral phase showed phase transition to
three-dimensional polymers above 10 GPa similar to experiments where isobaric heating was used at pressures
9 to 13 GPa. Tetragonal polymer exhibited significantly stronger stability and can be followed at least up to
~15 GPa. Heating up to 800 K of the tetragonal polymer at pressures 6 to 8 GPa confirms that due to
geometrical frustrations tetragonal phase remains stable e\®nTatonditions where rhombohedral polymer

is usually formed from orthorhombic chain polymers.
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Fullerene Gy undergoes polymerization at high pressureconditions starting either frortmostly) rhombohedral phase,
high temperaturéHPHT) conditions. Below 9 GPa and 900 or from (mostly) tetragonal phase. Phase transformations
K of several kinds of one- and two-dimensional polymericwere followed by modifications of Raman spectra recorded
phase$™ have been obtained: orthorhomHi®), tetragonal  in sjtu during theP—T treatment. We also studied a possi-
(T), and rhombohedral(Rh) (Fig. 1). One- and two- bility of direct transformation from tetragonal to rhombohe-
dimensional polymeric phases are well characterized by difdral polymeric phase at HPHT conditions.
ferent techniques including Raman spectroscopy, XRD, A powder sample of &, (99.9% purchased from MER
etc!71% So far, most of the studies of¢g polymerization  corporation together with a small piece of ruby were loaded
were performedex situby treatment of fullerene at HPHT into a specially designed type diamond anvil €&llith 250
and quenching samples to ambient conditions and only very,m flat culets without pressure-transmitting media. Pressure
few in situ experiments at HPHT conditions are was measured using the ruby fluorescence scale corrected for
reportec?:” 12 temperature effects. Uncertainty in pressure determination

Three-dimensionally polymerized superhard fulleritesywas within 1 GPa, and in temperature, measured with K-type

have been reported to form at pressures above 12-13 GPa
and temperatures above 800K2* The main problem with
characterization of “superhard” phases is that they exhibit |24 .
very few lines in XRD and Raman spectra of these phases i :

) . . FCC !
are typically almost featureless. One of the most interesting ;
and controversial area in the-T diagram of G, is about 13 !
GPa and 800-830 K. Samples obtained at these conditions /
have been reported harder than diamond by Bletréd. *2~1° :
but softer than diamond by Brazkit al® Recently, it be- :
came clear that not only pressure and temperature, but alscg 4| .
some other experimental parameters such as heating time= /i
stress andP—T history can be directly connected to physical ;
properties of synthesized sampfés’ It is known that two- P
dimensional polymerization gives different results depending oo e e
on the path inrP—T space. Increase of temperature followed 0 2 4 8 8 10 12 ¥ 16 18 20 2 24
by pressure T—P path favor formation of tetragonal phase, Pressure (GPa)

\F/)\llrell(je fr())l;e,[srlseurszggrﬁg;gjc.:.llg‘éﬁi&?géﬁgﬁg;gg;gnd FIG. 1. Phas.es obseryed duriimgsitu high pressures and tem-
870 K) results in a synthesis of mixture of tetragonal andﬁeratulres exper_ume?ts WP']th tetrago(ialbc_k sq”are)s‘f’mld rhombo- |
rhombohedral polymers®2 |t can be proposed that the edral (open trianglef phases as starting materials. Tetragona
. N phase was presynthesized in piston-cylinder apparatus by heating

T._P path gives an .adVantage to polymerlzat.lon in (0@ Cgo at 2.5 GPa and 800 K for 60 mifand consequently purified by
direction of the original fcc structure ofgg, while theP-T  yocompression at 800 K from 8 to 2 GPa followed by pressurizing
path favor polymerization in thé€l1l) direction. So far all ¢ constant temperature back to 8 GRehile rhombohedral phase
studies of the 3D polymerization have been performed onlyyas synthesizein situ by heating pristine g at 800 K and 5 GPa.
using pressurizing followed by heatin@{T path. Due to  phase relations shown by lines are from Refs. 4, 5, and 15. Symbols
the experimental difficulties th& —P path has never been <fcc,” “T,” “Rh,” “3D”  (monomeric, tetragonal, rhombohedral,
tested for pressure regions above 6 GPa. and three-dimensional polymers, respectiyelgrrespond to poly-

In the present study the—T region at about 13 GPa and meric phases observed for these two experiments at every experi-

800 K was approached from the lower pressure at isothermahental point where Raman spectra were recorded.
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TABLE |. Signature peaks for tetragonal and rhombohedral
polymers.
T, 8 GPa, T, 6 GPa, Rh, 8 GPa, Rh, 12 GPa,
Assignment 800 K RT 800 K 8 GPa RT )
5 10 GPa
Hg(1) 278 288 8
©
Hg(2) 415 420 - 8GPa
Hg(2) 428 433 §
Hg(3),Hg(4)? 725 725 2 5GPa
Hg(3),Hg(4)? 739 741 =
8 GPa
thermocouple;+ 10 K. Raman spectra were recordedsitu
. ; .
1400

during the P-T treatment, using LabRam spectrometer ’ 700
equipped with He—Ne laser operating at 632 nm and with
resolution 2 cm®. Low laser power was used to avoid pho-
topolymerization. The pressure gradient at the highest pres-
sure (32 GPa was about+1 GPa within 100um of the
central part of the sample. Raman spectra were always re-
corded in the central part of the sample in approximately the
same spot close to the ruby chip.

Two experiments were aimed on observation of 3D poly-
merization by isothermal compression at 800 K using 2D
polymeric phases as precursors. In the first experiment a
rhombohedral phase was synthesizeditu prior compres-
sion at 8 GPa and 800 K. In the second run, sample of te-
tragonal phase synthesized in piston-cylinder apparatus by
heating G at 2.5 GPa and 800 K for 60 min was used.

During the heating, the temperature was allowed to stabi-
lize at every 100 K for 10—-20 min and Raman spectra were ; : . , i .
recorded using acquisition times of 5 to 30 min. Some mea- 600 1200 1800
surements with shorter exposure were also carried out at in- Raman shift (cm”)
termediate temperatures. Experimental points taken at 800 K o o
and pressure range 2 to 32 GPa are shown in Fig. 1. FI(_B. 3. Raman spectra recordﬂrqsnu during isothermal com-

In previous studi€s’ Ag(2) Raman peak position have Pression of RHa) and T(b) polymeric phases at 800 K.
been used for identification of different polymeric phases.

However, at elevated pressure and temperature the assigh€nt of Ad2) is difficult due to theP—T dependent shift and
strong overlapping of peaks from different polymeric phases.

Contrary, positions of peaks below 1100 ¢hare almost
independent on pressure and temperature in the st&dHdd

Raman shift (cm™)

Intensity (arb.units)

:|2g[()2) Rh 8 GPa ':/25 Ag(1 )Y Rh

/ H . .
Ag(), T range. Table | and Fig. 2 show a number of characteristic
WJ’WAJV“’\JMMM 9(h) g g
Hg(1) :‘;.43(2) T65GPa 749
281\ g

/
W/L«LAN W‘MFU{\’J \

peaks of both Rh and T phases and their possible assignment
based on literature d£t4?®and our own observations.

Figure 2 shows Raman spectra of two samples recorded at
800 K and 8 GPa prior to the compression aimed on 3D
polymerization. Analysis of these spectra proves that the first
sample (experiment 1 consists of mostly rhombohedral
phase, while the secorfidxperiment 2 consists of tetragonal
polymer with some small amount of the rhombohedral phase
(see Table | for typical peaks used for phase identification
8gpa T+rh Results of two experiments with isothermal compression

y at 800 K for T and Rh phases are summarized in Fig. 1 and
compared with previously reported—T diagram®*®%° Iso-
thermal compression of Rh phase from 5 to 12 GPa resulted

FIG. 2. Raman spectra of rhombohed(&h) and (mostly) te-  in drastic changes of Raman spedffég. 3@)]. Already at
tragonal phaséT) at 800 K and 8 GPa. Inset shows Raman spectral0 GPa the spectrum of Rh phase degraded into few broad
of the rhombohedral and tetragonal polymers recorded at 293 K at features. At 12 GPa the Raman spectrum of this sample looks
and 6.5 GPa, respectively. Numbers are given for positions of “sigidentical to the spectra of reportedly “superhard” phases.
nature peaks.” This spectrum can be attributed to either a 3D polymer or

Intensity (arb.units)

T T
700 1400

Raman shift (cm™)
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amorphous carbon phase formed as a result of fullerene cageombohedral one, we did not observe such transformation.
collapset?~24 While the chain polymer contaminated initial sample of the
Phase transformations of tetragonal phase during contetragonal phase transforms into the rhombohedral phase at
pression from 8 GPa to 30 GPa at 800 K appeared to babout 650—700 K, the tetragonal phase remains unchanged
different from the similar experiment with rhombohedral even after hours of heating at 8 GPa and 800 K.
phaseFig. 3(b)]. First of all, the sample remained in mostly It is known that the tetragonal phase is formed by poly-
tetragonal phase after heating at 8 GPa from room temper&0€rization in the(001) plane of initial fcc structure of €,
ture to 800 K. We did not observe a direct transformationhile rhomboh.edrzlag Zghase forms due to polymerization in
from tetragonal to rhombohedral phase during the heatingh® (113 direction:"™ Due to geometrical frustrations the
Some amount of the Rh phase, which can be recognized ifjMPohedral phase cannot be obtained directly from the
the Raman spectrum recorded from this sample at 800 K an tragonal without breaking of some polymeric bonds. So,

8 GPa, originates from a transformation of chain polymerst 1€ possible scenarios of behavior of tetrahedra_l phase at
: X . . : .~ “high pressure and temperature could&edepolymerization
which were present in the starting material as an impurity.

Better purity of the tetragonal phase was achieved by de(—)f a tetragonal polymer on chains and a consequent polymer-

; 800 K f 8 10 2 GPa foll db ization in the(111) direction(direct transformation to rhom-
_cqmpre:{ssmn ft it ron: tob K ta g OVF\I’IE_’ yzpresdsur'bohedral phase (b) tetragonal phase remains stable even at
izing at constant temperature back to 8 Gl &s. < an P-T conditions where a rhombohedral polymer is usually
3(b)]. The Rama[n spe;(tkr)l;]m recorded at 2 GPT} is typical foformed from orthorhombic chain polymers; afaj tetrago-
monomeric G [Fig. . In agreement with previous : : L .
studies 25 the sample prior compression at 800 K to 8 GPanaI phase polymerized in tH&11) direction of initial fcc G

) . . tructure and directly transforms into 3D polyrtser Our
consisted mostly of tetragonal phase, but still contained ad§ ;
. _ experiments show that at pressure from 6 to 15 GPa, and
mixture of some small amount of the Rh pha$eg. 2. b S Sho pressure 1o ° G

. . igh temperature behavior of the tetragonal phase, follows
Compressmn Of. this samplle ar800 K up t°.32 _GP.a resulte e second scenario and at even higher pressure tetragonal
ina transfolrmatlor(suggestwely 3D polymerizatigrsimilar hase starts to transform into presumably a 3D polyjsee-
to the previous sampléwhere Rh phase was compressed a ario (c)]. Our experiments also clearly demonstrate that ki-
800 K) but at mgc_h higher pressure. It_vyas fou_nd that tetragy atic p—T phase diagranfor “experimental mapsf of Cqq
o.nal phase exhibits a r_emarkable stablhty against a comprefl-:ig. 1) depends on both the starting material and the
sion. At 15 GPa all typical peaks from this phase still can b ressure-temperature path
clearly recognized in the Raman spectrum and even at 2 :

GPa some traces from these peaks can be observed. This i%m fact, all P—T diagrams presented in the literatire®
strongly different from the first experimefisee Fig. 8] were constructed using tHe—T path (isobaric heatingand

. the present work shows that the-T diagram constructed
where peaks from the rhombohedral phase disappeared %F'sing theT—P path (isothermal pressurizings remarkably

ready at 10 GPa. As can be seen in Fig. 1, reSl_JIts of EXPeMitferent. This fact once more emphasizes that the true phase
ment with Rh phase are in a good agreement with prewousl}ﬁiagram of G, polymers does not exigbecause g is a

constructed®—T diagrams, while tetragonal phase shows re-etastable form of carbanonly “experimental maps” or

markably stronger stability against a compression. ... “kinetic P—T diagrams” can be constructed. It is clear that
The samples recovered after both experiments exhibite . - . )
. o » . ..many more isothermal pressurizing experiments at different
Raman spectra typical for so-called “superhard phases” wit . S
emperatures are required to construct tiie-P path kinetic

only two broad peak$™*>**No new 3D polymeric phases hase diagram.” Nevertheless, at least one strong difference
similar to those reported by Melet@t al?>*°were observed P gram. ’ 9
is clear from the presented study. In contrast to presently

in our experiments. . . . p
Interesting results were also obtained by analysis of eyodvailableP—T diagrams, on the T—P path phase diagram

lution of Raman spectra during the heating of the tetragonatlrr]]e mbosr': s(;atilebat 8hOO K and 6—|15IGPa _preisure Is not the
polymer from 293 to 800 K at 6-8 GPa. Although known '"omPonedral, but the tetragonal polymeric phase.

P—T diagram&>°suggest that upon heating at those pres- G. Bromiley is acknowledged for the help with pyston-
sures the tetragonal phase should directly convert into theylinder equipment.
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