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Structural characterization of the hard fullerite phase obtained at 13 GPa and 830 K
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A detailed characterization of two samples synthesized at 13 GPa and 830 K with heating times of 20 min
and 1 h, respectively, was performed using x-ray diffracfidRD), Raman spectroscopy, and high-resolution
transmission electron microscofiRTEM). The sample heated for 20 min was amorphous and exhibited a
high hardness of 45 GPa, while the second sample appeared to be softer and crystalline. A slightly distorted fcc
cubic packing was found by XRD and HRTEM. Both samples are proved to consist of unbrgkeno
ecules. The crystalline sample was also studiedrbgitu XRD during compression up to 26 GPa using
synchrotron radiation. The bulk modulus value of 217 GPa obtained from compression experiments is in good
agreement with the measured hardness of the sa(B@l&Pa. The Raman spectroscopy shows an unusual
combination of features: some additional peaks compared to untreggeh@ no shift for theA,(2) mode.
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I. INTRODUCTION diamond anvil cell§DACSs). Strong divergence of the results

Fullerene G, undergoes polymerization at high-pressure!S Most probably explained by different experimental tech-
high-temperature condition§HPHT). Below 9 GPa and Niques used to obtain samples.
900 K several kinds of onélD)- and two-dimensional2D) Only recently, it became clear that not only pressure and
polymeric phases have been obtained: orthorhombic, tetragemperature, but also some other experimental parameters,
onal, and rhombohedral. At the moment, 1D and 2D poly-Such as heating time, stress, d@d history can be directly
meric phases are well characterized by different techniquesonnected to physical properties of synthesized samples. For
including Raman spectroscopy, x-ray diffractidXRD),  example, studies in DACs have shown that pressure varia-
etcl~” Most of these studies were performed situafter  tions during the heating can be very strong, and therefore
cooling the sample and release of pressure. Only recentlgpecial design of DACs is required to maintain constant
somein situ studies of polymerization at HPHT conditions pressuré!~1This observation is rather important because in
were performed:13 most of the studies that were conductex sity the P-T

Three-dimensionally3D) polymerized “superhard” ful- history of samples remains unknown. It is especially true for
lerites have been claimed to exist at pressures abovexperiments by Blanlet al,'41% because they used very
12—-13 GPa and temperatures above 800K The struc- short heating time(1 min) without control over pressure
tural characterization of these phases is very difficult, but/ariation during the heating. It is also clear that particulari-
their extremely high hardness has attracted a lot of attentioriies of the experimental method applied by Blatlal. result
Several structural models have been proposed for these sima strong shear deformation of their samples. The deforma-
perhard phases, including different hypothetical kinds oftion has been so strong that the samples studied by Matcus
bonding between g molecules but none of them is well al. exhibited ellipse-like XRD patterns instead of normal
proven?3-26 The problem with characterization of these su-Debye-Scherrer ring&. Other studies conducted at the same
perhard phases is that they are either completely amorphoysessure-temperature region without strong stress showed no
or exhibit very few lines in XRD, which allows a quite am- elliptical XRD patterng!~*3 It has also been shown that
biguous interpretation. Raman spectra of these phases asrong stress favors polymerization. The superhard phase can
also typically almost featureless and have been interpretele obtained even at room temperature when strong shear
by some researchers as “collapsed” fullerite with only frag-deformation is combined with high pressdferinally, it has
ments of G, cages remaining. Similar Raman spectra havebeen found that the hardness of the samples treated at some
also been obtained forggsamples pressurized at room tem- certain pressure-temperature depends on heating time. The
perature above 25 GP&3° One of the main problems in studies by Horikawat al. showed that hardness dependence
studies of the superhard phases is poor reproducibility. Then heating time is nonlinear and goes through a maximum at
samples obtained by different groups at the same pressur@0—60 min(15—12 GPa, respectivglyand that longer heat-
temperature conditions showed different properties. One ohg produces softer samplé&The structural modifications
the most interesting points in the-T diagram of Gg is at  which correspond to this nonlinear dependence are not clear.
about 13 GPa and 830 K. Samples obtained at these condiore studies are required to understand the nature of the
tions have been reported harder than diamond by Bkink superhard fullerite phases. Most of the previous studies have
al.,"*~1%put softer than diamond by Brazkit al2>2: They = been concentrated on construction oPal diagram of Gq
appeared even softer in our previous studies performed usirgplymeric phases and included synthesis of many samples
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with relatively poor characterization. Since ti#sT diagram  mine presence of strong internal stress. This is necessary
is now known in general, we concentrated instead on a desince previous studies showed that quenched samples pre-
tailed study of the most interesting part, wherein superharghared at similar conditions exhibited normal XRD rings with
phasegsuggestively 3D polymerized fulleritdnave been re- ¢=0° and strongly elliptical patterns due to the internal
ported. stress withe=90°22 Recording XRD with@=90° (which

In this study, we present a detailed analysis of the sampleshould exhibit patterns with maximal ellipticjtys not pos-
obtained at 13 GPa and 830 K using XRD, Raman spectrosible inside a DAC; instead=30° had to be used. This
copy, and high-resolution transmission electron microscopyrientation could show smaller ellipticity of Debye-Scherrer
(HRTEM). rings compared to 90° geometry, but allows one to make a
qualitative assessment as to whether patterns are elliptical or
not. The collected images were integrated using rtieD
program in order to obtain a conventional diffraction pattern.

A powder sample of § (99.9% purchased from MER The XRD images were taken during pressurizing approxi-
Corporation was pressurized to 13 GPa and heated at 830 Knately at every 2—3 GPa, typically in several points close to
using a 5000 ton multianvil press. The samples were conthe center of the hole. A Renishaw Raman 2000 spectrometer
tained in a Pt capsule to avoid undesirable reactions withvith @ 785 nm laser was used to colleot situspectra of the
carbon. The sample assembly consisted of a Mg®wt. %  studied sample. Alow power was used to avoid laser-induced
Cr,05) octahedron(10 or 18 mm edge lengttcontaining a  effects.

LaCrO;, heater. The octahedron was compressed using 54- or For TEM, the samples were crushed and then loaded in a
32 mm tungsten carbide anvils with a truncation edge lengtguspension with ethanol onto a holey carbon grid. The
of 11 or 4 mm, correspondingly, and pyrophyllite gaskets.sample was then inspected with a 200 kV Philips CM20
The temperature was monitored with a;Ré/W,Re ther- FEG-TEM, using HRTEM and selected-area electron diffrac-
mocouple located axially with respect to the heater and wition (SAED) techniques. Additionally, we acquired electron
a junction close to the Pt capsule. TReT uncertainties are energy loss spectréEECS of the CK edge, using the at-
estimated to be +1 GPa and +50 K, respectively. In eactidached GATAN PEELS 666 spectrometer.

experiment, the sample was first compressed to the desired Sharp indentation experiments were performed using a
pressure; the temperature was then raised 810 K/min to ~ Nano Indenter II™(MTS Systems Inc., Oak Ridge, TN
the desired run temperature. Heating time for the first sampl@anohardness tester. A diamond Berkovich indenter with a
was 20 min and for the second sample 60 min. The samplép radius of about 220 nm was used in experiments con-
were quenched by switching off the power to the furnace andlucted with a maximum load of 5 mN. The loading and un-
then slowly decompressed. Upon completion of each experioading phases of indentation were carried out under load
ment, the capsule was carefully removed and the treated m&ontrol (nominal rate of 0.2 mN/)s At maximum load, a
terial was mechanically cleaned of platinum. After quench-dwell period of 20 s was imposed before unloading, and an-
ing and pressure release, cylindrical samples with arfther dwell period of 30 s at 80% of unloading to correct for
approximate volume of 6 miwere obtained. Sample 1 thermal drift in the system. The adjacent indents were sepa-
looked shiny and had very smooth surface on fresh cut. Theated by at least 5@m. The hardness and elastic modulus
second sample was less smooth and had some visible grantglues are averaged over five measurements. Hardness and
lar structure. Both samples appeared to be relatively hard ar@lastic modulus were calculated according to the Oliver and
scratched the polished surface of cubic BN—the first sampl&harr techniqué:

especially easily.

The samples were characterized by XRD, Raman spec- IIl. RESULTS
troscopy, and HRTEM. Hardness of the sample was mea-
sured using microindentor “Micro hardness tester* M-400-
G2, Leco Corporation. A small piece was cut from the Structural characterization of sample (heated for 20
central part of sample 2 and loaded into a TAU-type DACmin) by XRD and HRTEM appeared to be impossible due to
with 250-um flat culets at nonhydrostatic conditions. NaCl the amorphous state of the material. The amorphous nature
powder was used as pressure-transmitting medium. Thisf this sample was also confirmed by Raman spectra, which
sample was pressurized up to 26 GPa. Two-dimensionakill be discussed in more detail below.

XRD patterns of the sample were recordedsitu during the Sample 2, obtained using a 1 h heating time, appeared to
pressurizing anex situafter quenching. The patterns were be crystalline and exhibited some interesting features in its
obtained with transmission geometry on the ID30 andRaman spectra. Therefore, an analysis of this sample is given
BMO1A beamlines at the European Synchrotron Radiatiorbelow in more detail.

Facility (ESRF, Grenoble, Frangevith the MAR345 detec- Analysis of XRD images takerex situ on sample 2

tor. The wavelengths of the x-ray beam were 0.373&@Ad  showed normal circular Debye-Scherrer rings. No elliptic
the beam size was 2010 um. The detector-to-sample dis- XRD patterns have been observed, unlike earlier studies by
tance was 350 mm. XRD images were taken with an incideniarqueset al??> The absence of ellipticity makes it easier to
x-ray beam parallel to the direction of compressig+0°).  analyze conventional XRD patterns obtained by integration
At some important points during heating and on quencheaf 2D images(see Fig. 1L The measurements performed in
samples, XRD images were also taken wjth30° to deter-  different points of the sample showed, in general, very simi-

Il. EXPERIMENT

A. XRD and HRTEM characterization of the sample
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FIG. 1. XRD pattern recorded from the samples obtained by ~FIG. 2. HRTEM image of fcc structuredggwith microtwins
heat treatment of £ at 13 GPa and 830 K for 1 fiop, sample 2 and stacking faults parallel td11). The inset shows a SAED pat-

and for 20 min(bottom, sample 1x500). Inset shows XRD pattern tern with streaks along the 11]" direction.

recorded pre_vlou_sly from th'.a sample offat 13 GPa an(.j ro0m - yolumes allow us to suggest that the sample in this region
temperature in diamond anvil celiRef. 12. The pattern given in . . . .
could have six square-ring connections per molecule. In prin-

the inset gives good approximation to the state of sample 2 prior . o . . : - :
heating. The wavelengths of the x-ray beam were 0.3738 A for ih&iple, it is possible to imagine different kinds of 3D geom-

samples 1 and 2, and 0.7 A for the pattern shown in the inset. etry for six square connections as well. Summarizing this
part, analysis of XRD data allows us to suggest that sample 2

lar patterns that can be indexed as fcc, but the cell parameteould be interpreted as a polymer with 6—8 square connec-
was found to be slightly different in different pointst  tions per G, molecule.
=13.07-13.39 A. It shall be emphasized that this cell param- For comparison, Fig. Isee insetalso shows the XRD
eter was measured after a decrease of temperature and fgattern of G, at 13 GPa from our previous study recorded
lease of pressure. The value of this cell parameter is Unprior to the heatingn situ in the DAC. Although stress con-
known at HPHT conditions, or whether it has changedditions are slightly different in the DAC compared to the
significantly after return back to ambient conditions. Othermuitianvil cell, this XRD pattern must describe with good
studies suggest that this change is usually not very stfong. approximation the state of our sample prior to heating. As
The value of smallest observed cell paramet@ can be seen in this figure, the heated sample shows different
=13.07 A corresponds to a cell volume pegd3nolecule of  relative intensities for XRD peaks and a smaller cell param-
558 A3. This is in good agreement with our previomssitu  eter. According tan situ data, the cell parameter of a sample
study conducted in a DA&13 It shall be noted that the treated at 13 GPa and 830 K is only slightly changed after
quality of fit is not very high, with a cell volume standard quenching and pressure reled3&herefore, most probably
deviation of about 19.6 A This means that the cubic cell is the cell parameter of our sample prior to cooling must have
slightly distorted, most probably due to the stress influencebeen only slightly smaller than the final value &f
and allows in principle a rhombohedral interpretation. A=13.07—13.39 A obtained after quenching and pressure re-
rhombohedral fit gives a somewhat better cell volume devialease.
tion but XRD does not exhibit any additional peaks from this  Additional structural information was also obtained using
rhombohedral structure. Therefore, in this study the cubitHRTEM. The TEM observations reveal that sample 2 is fcc
structure will be used in the following, although it is cer- structured witha=13.36 A, which is in good agreement with
tainly slightly distorted. The cubic structure was also foundXRD data. HRTEM images show that the;dJpolymorph
using HRTEM experiments, which are described below. Incontains numerous microtwins and stacking faults(bhil)
our previous study it was suggested that the decrease of thiFig. 2). These planar defects cause the streaking visible
cell volume per molecule can be used to assess the approxitong the[111]" direction in the SAED pattern. Such defects
mate number of intercage connections i, @olymeric  are typical of fcc- or diamond-structured materials. In gen-
phases? Following the trend of volume per molecule de- eral, the packing of the g molecules is rather good accord-
crease of about 20 #for each new square ring connecting ing to Fig. 2. Surprisingly, this figure does not reveal any
neighboring molecules, the volume of 558 Avill corre-  proof for 2+2 cycloaddition polymerization in theggma-
sponds to a polymer with eight square rings pgp @ol-  terial. Previous experiments with ¢& performed at
ecule. Such a polymer must have a 3D structure. The valug2—14 GPa also showed that the fcc phase persists at least
of highest observed cell parameter 13.39 A corresponds up to 800 K!01332The significant decrease of the cell pa-
to cell volume per molecule of 6003AThis volume is simi-  rameter of the fcc structure was typically explained by the
lar to the value known for the 2D rhombohedral polymericformation of chain polymers chaotically arranged in all di-
phase produced at pressures below 9 GPa. The structure m@fctions, which, on average, gives a “pseudocubic” structure.
our sample is clearly different from 2D polymers. Similar This explanation fits well to our XRD data, but is in dis-
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Sample 1 exhibited only several broad features in the Ra-
man spectra, but analysis of these peaks seems to present
interesting result§see Fig. 3. This spectrum shows some
strong differences compared to the typical Raman spectra of
superhard phases published in the literature. Typically, re-
ported superhard phases exhibited only two broad peaks: the
main one centered approximately at 1563 tand the sec-
ond low-intensity feature at 500—800 cn(see, for ex-
ample, Refs. 13, 14, and 28n the spectrum recorded from
Sample 1 the picture is more complex: the broad peak cen-
tered at 1563 citt is also observed, but is weaker compared
to the main peak centered approximately at 1467'cm
There are also broad peaks at 696 and 763'and some
—— T T———— broad features at around 430 ¢ Peaks at 696 and
200 400 600 800 1000 1200 1400 1600 1800 763 cmi! are certain proof that at least part of the fullerene

Raman shift (cm™) molecules is still intact in the studied sample. Usually these
peaks are attributed to vibrations derived from khg3) and
Hy(4) modes of pristine g, The peak at 1467 cth shall be
interpreted as an extremely broAg(2) mode, which possi-
rBly includes also thédy(7) mode (which can be recognized
from the asymmetric shape of the featuléshall be empha-
sized that if this interpretation is true, th%g(2) mode in
Sample 1 shows no downshift compared to pristing C
EEfound usually at 1467—-1469 cmdepending on the used
ase). The absence of a strong downshift in position of the

R
7

FIG. 3. Raman spectra recorded from the pristipg (Curve 1),
sample 1(curve 3, sample 2 at low laser pow¢s), and Sample 2
at higher laser power, which resulted in appearance of peaks fro

pristine G,

agreement with HRTEM. Random chain polymerization
could produce fcc structure on the macro level, but on th
micro level, the structure must be of smaller symmetry du

to a;ltd)vxéer intlermo!ecular dis'gance between molecules conAg(Z) mode would be rather unexpected for 3, @olymer.
nefneordgrpt%yépwg::lﬁ tsr?euarl]r;u:lrgg(s)f the material and kind OfThis observation is in contradiction with the known trend in
bonding in the sample 2, EELS experiments were also pert-he Ay(2) mode position for 1D and 2D polymers, which

formed. This method allows to determine directly the degreesuggests stronger downshift for more strongly polymerized

of sp?/sp® hybridization in carbon materials. It is known that maFenaIs. Typlcally, peaks fou_nd at 900_1000—&@66”?'
T region are considered as a sign for the 2+2 mechanism of

the degree o6p® hybridization is increased due to 2+2 cy- s .

cloaddition. Therefore, & EELS taken from sample 2, polymerizatiofi-® but the spectrum of sample 1 shown in

original Gy, and rhombohedral polymer of g were com- Fig. 3 does not show any clear features here. In general, it
pared. can be speculated that the observed spectrum shows no clear

roofs for the 2+2 cycloaddition mechanism of polymeriza-
Measurements showed a very complex electron energ

loss near-edge structuf&ELNES), reflecting differences in lon and could represent only very strongly stressed mol-
. ecules of Gy Unfortunately, the amorphous state of the
the local environment of carbon atoms. However, the EL_sam le does not allow us to compare Raman and XRD data
NES spectra of starting and synthesized materials look iderﬁ1 or%er to explain the nature of ?he sample. which will be
tical, suggesting that the local environment of carbon atoms;. P Pie,
discussed again below.
Comparison of the results obtained from Raman data and

is unaffected by the high pressure experiment and that the
carbon buckyballs remain intact. Unfortunately, no COnCIu'structural information from XRD and HRTEM is possible for
sample 2, which is discussed in more detail below. Raman

sions about change of degree &/ sp; hybridization could
be drawn from the ELNES spectra. The spectra taken fron) ks f he fullerite ph h sh i th
the rhombohedral £ polymer appeared to be identical to the peas rorr;t et erltlep ase are much s ﬁrper Int espect_ra
spectra of pristine gz and sample 2. The expected increaserecorOIeOI fom sample 2 compared to those observed in

) Pl , . -~ sample 1. This result is in good agreement with the better
in sp; hybridization due to formation of polymeric bonds is crystal packing revealed by XRD of sample 2
possibly too small to be detected by EELS. The spectrum recorded from sample 2 with low laser

power exhibits several peaks from the fullerite phase that are
significantly broader compared to the referengg spectrum
The Raman spectra of the studied samples are shown iisee Fig. 3. The position of theA4(2) mode is found at
Fig. 3. Since the samples were relatively large, Raman sped468 cm? similar to the untreated &, but at the same time
tra were recorded in many points, including the cylindricala number of new peaks is observed which suggest that the
outer surface and the core part on a fresh cut. The quality dample has a polymeric structure. In fact, tg2) peak is
the spectra recorded in the different points was not the samaot only much broader compared to purg,Cout is also
Some points exhibited spectra with stronger peaks, somasymmetric, with some shoulders about 1435 and
points with weaker, but in general both samples seem to b&441 cm?. Judging only from Raman spectra, it would be
rather homogeneous; there is no difference, for example, bgyossible to suggest that this sample consists of a mixture of
tween core region of the sample and its surface. monomeric G with the addition of chain and 2D polymers.

B. Raman characterization of the samples
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This suggestion, though, is not compatible with all the other
data. The relatively high hardness and density of the sample P
provide evidence for stronger polymerization of the sample 1 I
with a higher number of intercage bonds compared to 1D
and 2D polymers. Typically, polymeric phases af,Ghow
downshifts of theAy(2) mode proportionally to the number
of square rings connecting neighboring molecules. The stron:
gest downshift is observed for the rhombohedral polymer
with six square rings per molecul@bout 60—63 cit). Fol-
lowing trivial logic, addition of more polymeric bonds could 14
be expected to result in an even stronger downshift of the | A o
A4(2) mode. The studied sample shows all signs of the in- 5 200 o 0
creased degree of polymerization, such as higher density an Displacement (nm)
hardness, but th&,(2) mode is not downshifted compared to
untreated G, Therefore, it is possible to suggest that the
Ag(2) mode downshift trend observed for 1D and 2[3,C FIG. 4. Typical load-displacement curves for samples 1 and 2
polymers does not expand to 3D structures. The reasons f@heated at 13 GPa and 830 K for 20 and 60 min, respeciiceiy-
such a phenomenon are not clear at the moment. One posgared to pristine ¢
bility is that downshift of theA;(2) mode is connected only
to planar distortion of the & molecule and disappears if small load, and with a higher load the sample cracked. This
intermolecular connections are distributed randomly over alls in good agreement with the high hardness of the sample
the molecule in three dimensions. which was obvious from easy scratching of cubic BN.
Additional proof that the studied sample has polymeric Sample 2 exhibited much more complex behavior. The
structure was obtained by recording spectra with increasesample also scratched cubic BN, but with some difficulty.
laser power. The heating produced by the laser results iAccording to measurements performed using the microin-
decomposition of polymeric phase into pristing,Qwvhich  dentor, the hardness of this sample is about 37 GPa. It shall
can be detected by appearance of sharp peaksl,af),  be noted that this value was obtained only when a relatively
Ag(1), andAy(2) modes in their normal positiorisee Fig. 3, small load below 1.3 g was used for indentation. At a higher
curve 4. A stronger increase of laser power resulted in burndoad (>10 g), the fullerite phase obviously collapsed during
ing of the sample with formation of two broad features typi- indentation, which resulted in a low hardness of 1-2 GPa.
cal for Raman spectra of amorphous graphite-like carbon. Collapse of the fullerite phase was also detected by Raman
Concluding this discussion, the Raman spectra of samplgpectroscopy. The Raman spectrum typical for the studied
2 showed a rather complex picture: the clearly present evisample(see Fig. 2 and discussed below was replaced after
dence for the presence of unbrokeg,®ut shows no proof indentation by the spectrum of pristing,(CObviously, the
for the formation of a 3D polymer by 2+2 cycloaddition material in sample 2 is at metastable conditions that can be
mechanism, which is suggested from the relatively small celspontaneously released either by heating with the Raman la-
parameter obtained from XRD. Looking only into the Ramanser (see aboveor by stress from the microindentor tip. One
data, one could draw the conclusion that the sample consisgossible explanation for this transformation suggests break-
of a mixture of monomeric, dimeric, and a relatively smalling of polymeric bonds(3D polymer unstable at ambient
fraction of 2D polymers. Such a conclusion would be inconditions. More precise hardness measurements were per-
contradiction with XRD and TEM data, which show only a formed using the nanoindentation meth@ee Fig. 4. The
fcc cubic phase and no other lower symmetry structures typiYoung modulus and hardness of Sample 1 calculated from
cal for known G, 1D and 2D polymers. The strong but Fig. 4 are 436 GPa and-45 GPa, respectively. For the
broad peak at 1468 crh suggests again the possible pres-Sample 2 these values are 69 GPa for Young’s modulus and
ence of strongly stressed but nonpolymerig @ a major 6.8 GPa for the hardness. The hardness value measured by
component of the sample, similar to sample 1. the nanoindentor for sample 1 is in the good agreement with
the previously discussed microindentor test, but for sample 2
the difference between the two measurements is too high.
One possibility to explain the difference is that hardness
Hardness studies of the samples must provide some crureasurements using the microindentor with small load
cial information to explain the mechanism of phase transfor{<1.3 g could result in overestimation of hardned©n the
mations in samples 1 and 2. If the hardness of a sample isther hand, the effect of a transformation into pristing, C
high, this shall be considered as evidence for formation ofobserved using the microindentor at higher lpaduld be
rigid covalent bonds connecting neighboring molecules in aesponsible for the underestimated hardness when nanoin-
3D network, while 1D and 2D polymers ofggare known to  dentation was used. The load force in the nanoindentor tests
be soft. was not much higher compared to microindentation method,
Hardness measurements were first attempted using thgit possibly the transformation is caused mostly by stress
microindentation method. Sample 1 appeared to be too hareteated locally in the sample. This stress is possibly higher
for measurement: no visible indentation was observed with &hen nanoindentation is used, which could explain the ob-

Load (mN)

C. Hardness measurements
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FIG. 5. In situ XRD patterns recorded for sample 2 during pres-

surizing up to 26 GPa using synchrotron radiation, FIG. 6. Experimental points fronn situ compression experi-

ments(unit cell volume vs pressuyditted with Birch-Murnaghan
equation(K=217,V,=237D.
served difference. Possible reasons for such behavior will be
discussed below n Sec. IV. In order to check the s'qffness 0{races of XRD peaks can still be detected at patterns recorded
the samp!e by an independent method, compression EXPE; 21 and 26 GPa, but they become very broad and weak.
ﬁwterpretation of so poor patterns is rather ambiguous and
they were not used for cell parameter evaluation. The evolu-

. L , Qion of the relative cell volume during pressurizing was ex-
previous studies in the sanfeT region(800 K and 13 GPa tracted from the data shown in Fig. 5. Fitting the curve up to

is the relatively large cell parameter and the relatively Iow17 GPa was performed using the Birch-Murnaghan equation.

density of the sample. The density calculated from the XRDThe K’ was constant and equal to 4. The errors are relatively

data is 2.'15 ggcﬁu This denS|_t);]arr11d thedcell plar?_mﬁtﬁr \(/jal— high due to slightly inhomogeneous nature of sample. Fitting
gfefhaeresér:ng?g agreement with the moderately high har Ne¥&sulted in a bulk modulus value of 2A1D) GPa andV®
pie. =1763.95) for the studied samplésee Fig. 8. This value of

bulk modulus is smaller than the bulk modulus of diamond
(441 GPa, but much higher compared to available data on

The compression study of sample 2 synthesized by he&D Cso polymers(34.8 GPa for the tetragonal phas&he
treatment at 13 GPa and 830 K for 1 h was performed in dulk modulus obtained from our compression experiment is
DAC. The characterization of the sample prior to compresin good agreement with the moderately high hardness of
sion is described above. According to the data obtained b$7 GPa measured using the microindentation method.
HRTEM and XRD the sample at ambient conditions is cubic, The two patterns recorded above 20 Gfee Fig. Swere
with cell parameter of 13.07-13.36 A depending on thenot suitable for cell parameter determination. The fitting of
point of measurement. The XRD patterns obtained duringhese XRD patterns is rather poor due to the low intensity
pressurizing up to 26 GPa are shown in Fig. 5. In the parand number of peaks. Most probably this phenomenon can
ticular point of the sample where this measurement was pebe explained by collapse of the fullerite phase with formation
formed, the starting cell parameter was 13.25 A. As can of very dense amorphous phase.
be seen in this figure the XRD patterns show very small It shall be noted that similar experiments were performed
changes up to 17 GPa and quick amorphisation aboveery recently by Mezouaet al.*3 but their sample of sug-
20 GPa. Some trace amounts of crystalline phase still can bgestively 3D G, polymer had a higher densitR.7 g/cnd),
detected up to 26 GPa, but only very few peaks are available higher bulk modulus of 288 GPa and a huge internal stress
for analysis. The interpretation of these patterns shows thaesulting in elliptical Debye-Scherrer XRD patterns. In the
the sample remains cubic during compression, since no neaase of our studies, no elliptical XRD patterns were observed
peaks appear at higher pressures. It shall be noted that tlaed analysis was more easy.
quality of fit became less and less good during compression,
which is evidence for distortion of cubic cell. As it was noted
above, rhombohedral indexing gives a slightly better cell
volume standard deviatios compared to a cubic fit, but the The two studied samples were synthesized at 13 GPa and
difference between cubic and rhombohedral fits remains al830 K, but using different heating time: 20 and 60 min, re-
most the same during compression and no new peaks appectively. Results presented above prove thginlecules
peared. Therefore, it is easier to describe the sample as diare unbroken in both of the samples. In the case of sample 2,
torted cubic rather than rhombohedral. The minimal cellit is not only evident from XRD and Raman spectroscopy,
parameter was observed at 17 GRa=13.02 A. Some but also directly proved by HRTEM imaging. Since the

of these experiments are presented below.
One of the main differences of our sample compared t

D. In situ XRD synchrotron compression study up to 26 GPa

IV. DISCUSSION
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Sample 1 was synthesized at the salm@& conditions, but next question is why the & molecules keep closer to each
with a shorter heating time, it can be considered as a prelimiether if there are no covalent intermolecular bonds. Some
nary step for synthesis of sample 2. Therefore, it also mustompression under pressure is reasonable for pristige C
consist of unbroken £ molecules. The second important with van der Waals bonding between molecules. Since the
observation is that longer heating time resulted in crystalli-molecules cannot rotate at 13 GPa, they could not find
zation of the material and a decrease of hardness. Samplep2oper orientation, and therefore polymeric bonds could not
exhibited relatively good XRD patterns, while Sample 1 wasform. There is nothing unusual until that point. The question
amorphous and exhibited no diffraction peaks even wheis why the cell parameter has remained smaller after return
synchrotron radiation was attempted for recording patternsfrom HPHT back to normal conditions. This can be ex-

The most interesting question to be solved is the nature gblained only by the existence of rigid intermolecular bonds
the studied samples. The study of sample 1 has not providezbnnecting neighboring molecules, which is also responsible
much structural information, but the second sample allows ufor increased hardness of the sample.
to discuss the phase transformations gf, @ 830 K and Unfortunately, the presence of 2+2 cycloaddition mecha-
13 GPa in more detail. The main trend in the phase transfomism could not be verified by EELS since the difference in
mation is similar to the literature data: during the heating atdegree ofsp,/sp; hybridization due to the formation of in-
13 GPa the structure remains fcc but the cell parameter iermolecular bonds appeared to be too low for the sensitivity
decrease10.1334 of this method. Raman spectroscopy also does not clearly

The cell parameter value cA=13.07 A obtained for confirm the presence of covalent intermolecular bonds: in
sample 2 corresponds to center-to-center distances betwebnth samples 1 and 2 the main peak from #4€2) mode is
Cgo molecules of 9.24 A. This shall be compared to the nearnot downshifted, but only significantly broadened. In prin-
est neighbor distance in polymers formed by 2+2 cyloaddiciple, this can be interpreted as strongly stressed nonpoly-
tion (9.09-9.14 A and of single-bonded N&g, (reported to  meric Gso- Some traces of polymerization can be seen in the
be 9.28 A. Therefore, Sample 2 was compressed to the disRaman spectra of sample 2, but certainly only as minor com-
tance between £ molecules where polymerization could ponent. It is also clear that some second amorphous carbon
occur in three dimensions by formation of single bonds. Thigphase is present in the samples: a broad peak at 1563 cm
kind of bonding has never been observed for undopgg C for the sample 1 and some broad background in the spectra
but cannot be ruled out as a possibility. On the other handpf sample 2 are evident from Fig. 3.
experimental values of intermolecular distance are close It is also rather interesting that the transformation back to
enough to 2+2 cycloaddition to be reasonably explained byiormal Gy can be induced in sample 2 either by heating with
this mechanism if only part of material is polymerized in laser light or by stress from the microindentor. This clearly
three dimensions, with remaining part consisting of ran-proves that the g structure in sample 2 is metastable. It is
domly linked chains. Another possibility is that there is aninteresting to note that a somewhat similar explosive trans-
unknown mechanism of bonding in sample 2, different fromformation under laser light was reported by Mele&wal. for
the 2+2 cycloaddition mechanism. a probably 3D polymer of g,3°

It is commonly believed that polymerization at 13 GPa As was noticed above, strong compression of thg C
during the heating starts as chain formation. Well orderedtructure without formation of covalent bonds under high-
chain polymer is known to exhibit an orthorhombic structure,pressure conditions is possible due to geometrical frustra-
but if the chains are formed chaotically in all directions, it tions since molecules do not rotate at 13 GPa. This was
could result in an average pseudocubic structure with deproved in one of the earliest studies ofyQunder high-
creased cell parameter. Linking these chains to each oth@ressure conditions. As was shown by Duadsbsal,?®> com-
will result according to this mechanism in formation of 3D pression using pseudohydrostatic conditidnsing DAQ
polymers. Such a pseudocubic structure could explain owvas remarkably higher compared to the experiment per-
XRD data, because XRD is a macro method which averageformed without a pressure-transmitting medium. In our ex-
data over a significant volume of material. For the HRTEM, periment, conditions were close to hydrostatic. The multian-
however, this is not the case. If chaotic chain formation ocvil press most likely provides the best approximation to
curs in the sample, it must be seen by HRTEM as locahydrostatic conditions compared to all other high-pressure
deviations from the cubic structure. Intermolecular covalenimethods. Therefore, at 13 GPa and prior to heating, the C
bonds results in a decrease of the distance betwggm@l-  sample was compressed fg/V,~0.74 without formation
ecules, which must be detected by HRTEM images. of polymeric bonds. Although the distance betweegg 1Gol-

In the second sample studied in the present work, thecules at this point is small enough for formation of poly-
structure according to both XRD and HRTEM remains fccmeric bonds, the orientation of molecules is random and
cubic while the cell parameter is decreased toproper orientation cannot be achieved due to the absence of
13.07—-13.36 A compared to the original 14.17 A for pristinemolecular rotation in the compressed state. During the heat-
Cso- A surprising result is that no evidence for polymeriza-ing some additional linking must occur in the sample, which
tion can be found in this sample from HRTEM. The packingis evident from the irreversible character of the transforma-
of Cg, molecules is very clearly fcc without any specific tion. The cell parameter of theggmaterial remains smaller
changes that would have been seen if polymeric chains wereven when quenched and after the pressure release. The na-
present in this sample. Paradoxically, the structure of théure of the linking mechanism betweernggOmolecules in
sample looks as if it was original fccggwithout covalent  such material is not quite clear. Results obtained in this study
intermolecular bonds, but with a smaller cell parameter. Theshow some problems in application of the 2+2 cycloaddition
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polymerization mechanism for g compressed to 13 GPa likely provides the best approximation to hydrostatic condi-
and heated at 830 K. tions compared to other high-pressure experiments—in the
The cell parameter of our sample is significantly largerDAC (without hydrostatic or with solid pressure medium
compared to the data reported by other research groups at thed in toroidal press, where the chamber may provide strong
sameP-T conditions: 13.07 A compared to 12—12.5 A in stress condition?-34.36
some other studiest®?2\We believe that this difference is In general, the increased stress favogg [iblymerization.
mostly not due to experimental errors but is rather due tdexperiments with rotation anvils revealed that under strong
some features typical for each experimental method. Untihear stress, the superhard fullerite phase can be produced
now, the following methods were used for HPHT regioneven at room temperatuféStrong stress could explain why
around 13 GPa and 830 K: “toroid’-type chamber, DAC, Blank et all* could obtain superhard material using a very
and multianvil presses. Below, some important parameters cfhort heating time, while Horikawet al. observed maximum
HPHT treatment and some particularities typical for eachhardness with a longer heating tiffelntermediate stress
experimental method in connection with these parameters a@nditions are probably typical for experiments with DACs
discussed in more detail. (when no rotation of anvils is usgdEven when some pres-
As was shown in some previous studies, the results ofure medium is used in DAC experiments, the conditions
HPHT experiments depend not only on the particl®al  shall be described as quasihydrostatic, since only solid ma-
point where the synthesis was performed, but also on otheerials such as NaCl can be used at 13 GRaliquid media
factors, most importantly stress conditions, heating time, anduch as a methanol-ethanol mixture solidify at lower pres-
the P-T history of treatment®1334:3%| these factors should sure(and ambient temperatyfeUsing a pressure medium at
be taken into account when experimental data obtained byigh temperature could also be risky due to the possibility of
different groups are compared. chemical reaction with g (as in a case of ethanol-methanol,
The time of heat treatment studied in the recent work byfor example. Of course, using no pressure transmitting me-
Horikawaet al!® seems to be especially important for inter- dia shall increase stress. This can explain why in our previ-
pretation of HPHT results. It was found that longer heating isopus experiments we observed a clear distortion of cubic
not necessary to produce harder samples. Indeed, there issgucture to rhombohedral during HPHT treatment around
time limit of 60 min, after which the samples become softer.13 GPa and 830 K3 The stress and therefore distortion was
The study of Horikawa performed at 12 GPa and 650 Keven stronger in experiments performed by Blabkl. using
shows a maximum hardness at about 20 min. This maximurthe toroid method, which probably could explain why in
of hardness is shifted towards longer heating time at lowespme studies their samples were interpreted using low-
temperature. It seems that, for every set of speBHiE con-  symmetry structuregorthorhombic or monoclinic; see, for
ditions, the maximum hardness is achieved with a differenexample, Ref. 2B The stress typical for this method was so
heating time. strong that residual shear deformation resulted in elliptical
This can explain some drastic hardness differences repebye-Scherrer XRD patterns recorded from such samples.
ported in literature. The samples with hardness comparablghese ellipses were not observed in other samples obtained
to or higher than diamon(L00 GPa have been obtained by py different methods even when the safel conditions
Blank et al. at 13 GPa and 830 K with a heating time of were used for synthesis. It was clearly shown that elliptical
1 min!* The same heating time was used in experiments b)XRD patterns are not a signature of superhard fullerite and
Brazkin et al. at 12.5 GPa and different temperatures, andcan be observed even for 2D polymeric phases if stress was
their sample exhibited very high hardness up to 87 8ft.  high38 Of course, the experiments performed using shear
should be noted that the short time of heatiigmin) in the  diamond anvil cellfSDAC9-18 shall be considered as a
above studies resulted in strongly inhomogeneous samplegery special case due to very strong stress intentionally cre-
In the experiments presented in this study, the heating timated in this method. Most probablp-T diagrams con-
was increased to 1 h and the hardness appeared to be mustiucted using SDACs cannot be directly compared to other
lower (37 GPa. The same is true for our previous experi- P-T diagrams constructed from the data obtained at low-
ments in DACs, where heating was performed over a longtress conditions.
period of time(8—9 h), and resulted in samples with hard-  Finally, the heating and pressurizing pathwéeatment
ness below 40 GP&:!2 Therefore, difference between our history) influences the outcome of experiments. It was shown

data and the data obtained by Blasikal. and Brazkinet al.  in many studies at pressures below 10 GPa that an increase
can be explained mostly by the difference in heating timepf pressure followed by heat treatment produces samples
taking into account results by Horikaved all° with different phase compositions compared to the case

The difference in heating time cannot by itself explain allwhen the temperature was increased first, followed by pres-
observed divergence of published experimental results. Ansurizing. The same is true for the high-pressure region above
other important parameter is stress. It is more difficult tol2 GPa as well, as was recently discovetet.
compare stress conditions used in different experiments. For The above discussion leads to conclusion that the seem-
example, the toroid chamber apparatus used in studies bggly contradictory data presented by different groups for the
Blank et al. must have very strong stress conditions duringpressure region above 13 GPa can be explained when differ-
the synthesis. Precise pressure and temperature control wasces in heating time, stress conditions, and history of treat-
hardly possible in these pioneering studies, which resulted iment are taken into account.
highly inhomogeneous sampldgensity variations within In conclusion, both studied sampléseated at 13 GPa
2.2-3.4 within the same sampie The multianvil press most and 830 K for 20 min and for 1)hconsist of unbroken £
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molecules. Longer heating results in crystallization of amor-2+2 polymerization mechanism can be found in results ob-
phous material. The data obtained by XRD, Raman, and HRtained by characterization methods used.

TEM cannot be explained by the previously suggested model
of random chain polymerization. Decreased cell parameter
and high hardness of the high-pressure pliaample 2 pro-

vide evidence for strong intermolecular bonding in the struc- The authors gratefully acknowledge useful discussion and
ture. On the other hand, no clear evidence for aproofreading of the paper by Prof. Bertil Sundqvist.
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