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Abstract 

New data concerning the solid C ,s,, phase transformations in the pressure-temperature range P = 6.5-13 GPa, 

T = 300-2100 K and nonhydrostatic conditions are presented and plotted in the P-T coordinates. The structure of superhard 
and ultrahard carbon phases obtained with these conditions is investigated by X-ray powder diffractometry and Raman 
scattering. New crystal structures of distorted bee type and transient to diamond states are revealed in the synthesized 
samples. Fragments of different lengths of polymerized fullerene cages are found from resonance Raman spectra of the 
samples obtained at P = 13 GPa and T < 1200 K. 

1. Introduction 

The development of the original method for 
high-pressure-high-temperature treatment of solid 

C,, allowed us to create new superhard and ultra- 
hard (harder than diamond) fullerite materials [1,2]. 
In these publications we reported the results of the 
first investigations of the structure and physical 

properties of the solid C,, specimens quenched after 
the nonhydrostatic pressure and heat treatment at 
9.5 <P < 13 GPa and 300 < T< 1830 K. The vol- 
ume of the synthesized samples was up to 40 mm3. 
They are stable in oxidizers, and the structure of the 
hardest samples is stable at ambient conditions and 
at heating up to 1000 K in the air. Three types of the 

hardest materials were found, crystalline and amor- 
phous, distinguished by their X-ray diffraction pat- 
terns and the Raman spectra. We suppose that the 
structures and properties of materials synthesized at 
high-pressure-high-temperature conditions and in the 
shear diamond anvil cell (SDAC) [3] at room tem- 
perature but at higher pressure are close, or that these 
materials are close to the states obtained earlier in 
the usual diamond anvil cells, described in Refs. 

[4-61 and some other publications. We assume that 
according to different high pressure, high tempera- 
ture and shear deformation conditions the molecules 
in our samples either create 3D polymers with crys- 
talline and amorphous structures or a cellular nano- 
structure of sp2- and sp3-hybridized carbon atoms. 
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It should be noted that neither the samples ob- 
tained in SDAC, nor the bulk superhard and ultra- 
hard samples did include both diamond and the 
so-called “collapsed fullerite” carbon state [7]. The 
other carbon states obtained by Hirai et al. in shocked 
C,, fullerite and defined by them as “amorphous 

sP3 nucleation” state and “new amorphous dia- 
mond” [8,9] have features similar to our amorphous 
ultrahard fullerites in the structure and physical prop- 
erties, but some essential differences are discussed 
below. The set of new metastable crystal C, phases 
discussed in Refs. [lO,ll] was synthesized under 
pressures in the range 2-5.5 GPa and at high tem- 
peratures. However, they are not hard, because strong 
covalent intermolecular bonds create only two-di- 
mensional polymerization in the revealed phases, and 
the interlayer interaction at these structures is still of 
van der Waals-type, like in pristine C,, or in graphite. 
The existence of a superhard metastable state on the 
basis of partly coalescent C,, molecules at P = 9.5 
GPa and T = 620-770 K was confirmed in Ref. [ 121. 

The goal of the present study is a detailed investi- 
gation of the structures of the new fullerite samples 
and searching for the P-T-conditions of the ful- 
lerite-diamond transformation using the same exper- 
imental technique as in Refs. [1,2]. For these pur- 
poses the investigated pressure-temperature range 
was expanded to P = 6.5- 13 GPa, T = 3OO-2100 K. 
The (&,-phases and other revealed carbon forms are 
plotted in the P-T coordinates of their formation 
areas. 

We have used commercially available fee C, 
(99.8%; 0.1% C,,), manufactured at the Institute of 
Metal-Organic Chemistry, Nizhnij Novgorod, Rus- 
sia. Dimensions of the synthesized samples were up 
to 04 x 3 mm’. The time of heating under pressure 
was 1 min. 

2. X-ray diffraction study 

The structure of the quenched samples was stud- 
ied by the X-ray powder diffraction method. The 
X-ray diffractometer KARD-6 with a flat propor- 
tional chamber on fast delay lines [ 131 was used. The 
accuracy of the Bragg angular determination was 
0.01”. The Cu K, radiation and graphite monochro- 
mator were applied. The diffraction patterns were 
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Fig. 1. Sequence of X-ray diffraction patterns of C, fullerite 
quenched from 13 GPa and temperatures 300-2100 K; the aster- 
isk indicates the peak of the polymerized phase. 

obtained from small bits of the samples with 250-300 
pm dimensions. During the exposition specimens 
were rotated to provide a better intensity averaging 
over the individual crystallites. 

Two types of states were found for the fullerite 
samples quenched after heat treatment at different 
temperatures: the crystalline states and the disor- 
dered or amorphous states. Fig. 1 shows the X-ray 
diffraction patterns of the samples obtained at differ- 
ent temperatures and at P = 13 GPa. This row clearly 
illustrates the alteration of crystal structure with the 
increase of synthesis temperature. The diffraction 
peaks are broader than the instrumental resolution 
function. 

First we shall discuss the crystalline structure and 
phase transitions in the 300-1070 K range (Fig. 1, 
patterns nos. l-10). After the pressure treatment at 
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300 K, the additional reflection (pattern no. 21, 
marked by the asterisk, appeared. This one does not 
belong to the pristine fee structure because the cubic 
cell parameter, obtained from this line as (200), is 
0.6 A less than the value determined from the rest 
reflections. We suppose that this reflection is the 
strongest one of the new phase. It may be noted that 
the d-value of this reflection equals 6.72 w at room 
temperature of the synthesis and equals 6.46 f at 
670 K. These values coincide with those of the 
two-fold and the five-fold diameters of the C, 
molecule. The appearance of this reflection may be 
explained by the pressure induced orientational tran- 
sition with the spin “freezing” and further polymer- 
ization of C,, molecules along their two-fold and 
five-fold axes. 

At 580 K the diffraction pattern (no. 4) becomes 
generally two-phased. Earlier at 9.5 GPa [Z] we have 
found that this temperature is a borderline which 
divides the formation areas of soft and hard samples 
of quenched fullerite. The inverse dependence of the 
cubic parameter a and the unit-cell volume V versus 
synthesis ~m~rature T was found at a pressure of 
13 GPa (Fig. 2) and at 9.5 GPa [2]. The numbers of 
the points in Fig. 2 correspond to the numbers of the 
diffraction patterns in Fig. 1. The temperature depen- 
dence of V for new crystal structures differs from 
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Fig. 2. Dependence of the unit-cell volume V cm the synthesis 
tem~ratu~ T for C, phases quenched from 13 CiPa pressure. 

The numbers correspond to the patterns in Fig. I. (0) fee 
structure; (m) distorted bee structures; (a) monoclinic phases. 

V(T) for fee phases. The distorted bee phase is the 
densest one at 800 K. Then V increases with the 
increase of T and these structures transform to the 
monoclinic ones with a larger volume V. 

The different diffraction patterns of new phases 
are present in Fig. 1, nos. 6-8. The crystal structure 
of sample no. 6 quenched from 720 K is proposed to 
be the orthorhombic pseudo-tetragonal body-centered 
one with the unit-cell parameters: a = 9.53 + 0.06 
A, b = 8.87 f 0.04 A, c = 8.34 + 0.03 A. Z = 2 (two 
C, molecules). The indexing was done by the pro- 
gram DICVOL [14]. This structure is probably a 
distorted variant of the bee structure [ 151, where the 
central molecule might be rotated round a two-fold 
axis with respect to molecules placed at the comers. 
In connection with this fact and the orthorhombic 
distortion the unit cell is p~mitive, which was con- 
firmed by the indexing. The density, calculated from 
X-ray data, is equal to 3.39 g/cm3. The experimen- 
tal density obtained by the hydrostatic weighting 
method is equal to 3.2 ir 0.1 g/cm3. The measured 
value is lower than the calculated one due to the 
presence of less dense phases and defects in the 
studied sample. It is possible to represent the param- 
eters of this structure on the basis of the fee parame- 
ter a, : a=acub/fi +-A. b=a,,,,/fi, c= 
a cub,/ 8 - A, where A = 0.6 w and acuh = 12.6 A. 
The transformation probably takes place along face 
diagonals of the fee structure [l lo]. Assuming that 
the shape of the molecule has not changed at poly- 
merization, we hav: found the C-C bond length to 
be equal to 1.53 A in the [l 111 direction of the 
orthorhombic structure and in the three-fold axis 
directions of C, molecules. This state exists in the 
narrow temperature interval 670-720 K. 

The samples obtained at a temperature of 820 K 
consist of two phases with different crystal struc- 
tures. ‘Their diffraction patterns are nos. 7, 8. Com- 
paring pattern no. 7 with pattern no. 6 we have noted 
a broadening of the peaks and the appearance of the 
additional reflection d = 7.6 A. This is not the same 
reflection as at the lower temperature (nos. 2, 3) and 
it does not correspond to a small quantity of the fee 
structure with the other parameter because the fee 
structure is not indexed from the other lines. We 
propose the more distorted o~horhombic crystal 
structure to describe these patterns. The unit-cell 
parameters, obtained by DICVOL for the patterns 
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registered on different parts of the same sample are: 
a=11.16-11.22&b=8.17-9.05&c=7.58-7.68 
A, Z= 2. The X-ray densities of these structures are 
equal to 3.08-3.4 g/cm3. The experimental densities 
were 2.95-3.2 g/cm3. It should be noted that the 
value of the X-ray density for the fee structure with 
a = 12.2 A, obtained for the same conditions (no. 8) 
is equal to 2.6 g/cm3. Thus, the measured values of 
the density prove the idea of transformation to the 
proposed orthorhombic structure. Assuming again 
absence of distortions in the shape of the molecules, 
we have calculated the inte~olecul~ distance as 
1.455 A along the space diagonal of the orthorhom- 
bit structure. In this direction, the C,, molecules are 
oriented along their two-fold or five-fold axes. The 
distance between the molecules alotg the [OOl] axis 
of the structure is equal to 1.5 A, and the C, 
molecules are combined together along their three- 
fold axis. Therefore, the description of the structure 
within the framework of nondeformed molecules and 
their definite orientation during the polymerization 
process allow us to explain the distortions of the 
body-centered cubic structure. This experimental fact 
may be considered as evidence that 3D polymeriza- 
tion takes place in the samples, and it does not cause 
an essential deformation of the C,, molecules in the 
structure. This conclusion should be noted particu- 
larly in comparison with the 5% deformation of the 
molecules in the case of 2D polymerization [IO,1 61. 

Diffraction pattern no. 8 shows that for the same 
conditions as when the new orthorhombic crystal 
structure was obtained, the fee type structure still 
exists. We may assume that this structure is the 
compressed variant of a simple cubic one by analogy 
with the low-pressure orientational ~~sfo~ations 
1171, but the difference in the diffraction patterns of 
fee and SC structures can be observed only in the 
case of a perfect crystal structure, which we obvi- 
ously do not have. The unit-cell parameter of this 
structure is 12.4-12.2 A and it decreases with an 
increase of the synthesis temperature. The (200) 
reflection is the strongest one, probably because 
some quantity of the orthorhombic structure is pre- 
sent. In the two-phased samples the orthorhombic 
structure is getting more disordered, which is ex- 
pressed by the broadening and the extension of the 
peak shape towards larger scattering angles. With an 
increase of the synthesis temperature, the intensities 

of the (111) and (200) reflections become equal and 
strongest. It is important to note that if this structure 
with a = 12.3 A would differ from the fee structure 
described in Ref. [lo] with a = 13.6 A only by some 
scaling factor, then the (111) reflection should be 
absent according to the molecular form factor 141. 
The existence of the strong (111) reflection in pat- 
tern no. 8 probably confirms that &,-molecules do 
not rotate freely and the shape of the molecules is 
distorted due to polymerization. With an increase of 
temperature, the diffraction patterns (nos. 9, 10) 
become more and more disordered and diffuse, and a 
halo at 2.16-2.18 A appears. We suggest that the 
new cubic structures are distorted into a monoclinic 
one (no. 9) with the followin parameters: a = 8.77 
A; b-12.48 A; c=7.59 A; ~=110.6”, Z=2, 

PX-Gly = 3.07 g/cm3. The experimental density of 
the samples is 3.1 & 0.1 g,/cm3. At synthesis tem- 
peratures above 1000 K the crystalline part of the 
diffraction patterns decreases while the intensity of 
the reflections from the amorphous phase grows. 
Since the crystalline part of diffraction pattern no. 10 
is very poor, it was not possible to perform the 
indexing. Ignoring reflection splitting we are able to 
index the crystaltine part of this pattern approxi- 
mately as a cubic structure with a = 12.1 + 0.1 A 
from three broad diffuse peaks (11 I), (200), (220). 
The intensity of the (111) reflection is almost equal 
to the intensity of (2001, and the (220) intensity 
decreases sharply. Finally, there are only haloes on 
the patterns of the samples obtained above 1300 K. 

As noted earlier [2], the crystalline state of C,, 
fullerite stays up to the synthesis temperature 1270 K 
if samples are treated at 13 GPa, while at 9.5 GPa 
the crystalline state exists up to 750 K only. 

The annealing of the samples obtained at T = 820 
K and P = 13 GPa was investigated at different 
temperatures in the range 300- 1270 K during 1 hour 
in the sealed quartz tube. The crystal structure stayed 
up to 900 K heating, then it transformed into an 
amorphous carbon state. The relatively low heat 
stability of the studied crystal structure probably 
means the existence of highly active unsaturated 
double carbon bonds in it. 

Patterns nos. lo-14 show the formation of the 
disordered carbon states from solid C, at P = 13 
GPa, T > 1000 K, when a strong halo ycurs with a 
maximum at the d spacing 2.18-2.16 A. The inten- 
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sity of the halo increases with an increase of T and 
the following diffuse maxima registEred by pho- 
tomethod appear at 1.25 and 1.08 A d spacing. 
Indications for the 3.3 A halo are also present, but it 
is much less intense. The pattern obtained with the 
sample wenched from 1830 K shows that the band 
at 2.16 A becomes asymmetric and pattern no. 14 
exhibits the appearance of a wide line at 2.06 A. 
This line should be attributed to the formation of the 
diamond-like structure. However, the haloes at 2.18- 
2.16 A, 1.25 A and 1.08 w probably originate from 
the carbon hexagons. This will be discussed in Sec- 
tion 4. 

3. Raman scattering data 

The Raman spectra were studied by means of a 
multichannel spectrometer [2,3] using excitation with 
the 457.9 and 632.8 nm lines at a grazing incidence 
of laser beams. The power density did not exceed 50 
W/cm* for the hard samples (7’> 600 K) and IO 
W/cm’ for the soft samples (T < 600 K). Let us 
discuss the Raman spectra excited with the 457.9 nm 
line. 

The spectra of fullerite samples change with an 
increase of the synthesis temperature (Fig. 3). At 
T < 600 K the spectra still preserve the main features 
of pristine fullerite although they show a band broad- 
ening and redistribution of relative intensities of 
Raman bands. In particular, as in the case of fullerite 
in the diamond anvil cell [3], the intensity of the 
“pentagonal pinch” mode near 1468 cm-’ essen- 
tially decreases with increasing temperature. Besides, 
a new band appears at 930-950 cm- ‘. We have 
observed this band earlier [2] in the Raman spectra 
of fullerite samples synthesized at 9.5 GPa. This 
band was assigned to stretch vibrations of four-mem- 
ber carbon rings forming between molecules at poly- 
merization of 2 + 2 ~ycloaddition type. Al~ough 
this band has been always seen in the Raman spectra 
when dimers [IS] or chains [ 191 of fullerene 
molecules are formed, it was, however, absent in the 
first-principle calculations of polymerized C,, [20]. 
The Raman bands of the fullerite samples synthe- 
sized at 13 GPa and room tem~ra~re are essentially 
broader tban those in pristine fullerite. Moreover, 
bandwidths broaden with increasing synthesis tem- 

480K 
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Fig. 3. Raman spectra of fnllerite quenched from 1.3 GPa and the 

different temperatures; excitation with the 457.9 nm lines. 

perature. As we shall show below, this broadening is 
inhomogeneous. 

At T> 600 R the Raman spectra obtain some 
new features. One of them is the single broad band at 
w> 1000 cm- ‘. The change of the Raman spectra at 
T = 600 K agrees with the X-ray data assuming 
structural phase transitions and “freezing” the rota- 
tion of the molecules due to the fo~ation of cova- 
lent intermolecular bonds at this temperature. At 
T> 600 K the shape of the spectra changes slightly 
with temperature increase up to T = 1500 K. Only a 
small shift of the Raman band from 1560 to 1570 
cm-’ was observed. 

At T> 1500 K new bands near 1350 and 1900 
cm-’ appear. At T = 2100 K the intensity of these 
bands becomes stronger and the 1570 cm-’ band 
shifts to lower frequencies down to 1425 cm- ’ . The 
appearance of the 1900 cm- ’ band can be due to a 
collapse of fullerene cages. It is known that this band 
appears in the Raman spectra of carbon structures if 
allene-type fragments (C=C=C, form. We assign 
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Fig. 4. Dependence of the Raman spectra of fidlerite quenched 

from 13 GPa and the different excitation temperatures; solid lines: 

457.9 nm; points: 632.8 nm. 

the 1350 cm-’ band to the formation of diamond 
microcrystals, which is also consistent with the X-ray 
data. 

Now let us compare the Raman spectra obtained 
at 457.9 and 632.8 nm excitations. Fig. 4 shows that 
the high-frequency band near 1550 cm - ’ experi- 
ences an essential low-frequency shift from 1562 
cm-’ at 457.9 nm to 1480 cm- ’ at 632.8 nm for 
670 K and from 1570 to 1490 cm- ’ for 1070 and 
1470 K. The dependence of the band frequencies on 
the excitation wavelengths is, probably, due to a 
strong inhomogeneity of the samples. Such a situa- 
tion is known for polymers containing various lengths 
of chains. An increase of the chain length results in a 
decrease of the mode frequencies and a shift of the 
electronic absorption band to low energies 1211. 
Therefore, both the resonance conditions for the 
Raman scattering and mode frequencies differ for 

short and long chains. Analogous with polymers, we 
assume that our samples have various lengths of 
chains (or fragments) of polymerized fullerene cages. 
At the 632.8 nm excitation there is a resonance 
enhancement of the Raman intensity for long chains 
~fragments), but for short chains (fragments it is at 
457.9 nm. At the 457.9 nm excitation the width of 
the 1570cm- ’ band changes slightly with increasing 
temperature (Figs. 3 and 4). However, we observe an 
essential broadening of the corresponding band at the 
632.8 nm excitation (Fig. 4). We consider that this is 
due to the fact that a disorder, increasing with tem- 
perature, should manifest itself more strongly in 
spectra of long fragments than in spectra of short 
fragments. 

4. P-T regions of phases 

4. I. Crystal structures 

The areas of the purest observed fullerite states 
and other carbon forms are plotted in Fig. 5 accord- 
ing to their synthesis conditions. The regions of 
different quenched crystal structures are presented in 
the lower part of the diagram. At a pressure of 6.5 
and 7.5 GPa we obtained rhombohedral phases like 
in Ref. [lo], and at 8 GPa denser modification was 
observed. Different symbols denote different types of 
fee, distorted bee and monoclynic C, fullerite struc- 
tures, which were discussed in Section 2. 

4.2. Amorphous I type fuller& state 

The central part of the diagram shows the P-T 
region for the synthesis of the first amorphous (am. 1) 
type state. We have presented the X-ray, the Raman 
and the TEM data concerning the structure of this 
state in Refs. [ 1,2]. Since the experimental parame- 
ters c are equal toothe diameters of the C, moiecule, 
6.7, 6.5 and 6.2 A, we suppose that these structures 
may be 3D-polymers of sp3-bonded molecules. The 
coalescence of the molecules discussed in Ref. [12] 
takes place probably at higher temperatures and long 
heating time. At temperatures T > 1300 K a certain 
part of them is destroyed, but this process ends 
probably at much higher temperatures (Fig. 1). 
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Fig. 5. P-T regions of quenched t&-phases and the other carbon 

strocturcs obtained by high-pmssure-high-tem~mtu~ synthesis. 

The structores denoted in the diagram are discussed in the text. 

Symbols are experimental points obtained by us and by other 

authors. 

4.3. T~a~s~ent~ull~r~te states 

The region shaded by inclined lines represents 
two-(or more&phased states of C, or more compli- 
cated transient fullerite states between the areas of 
the homogeneous states of C, and other carbon 
forms. 

The samples obtained at the P-T conditions cor- 
responding to the upper left part of the diagram have 
diffraction patterns and the Raman spectra similar to 
turbostrate graphite [21. But the structure of these 
samples has to differ from graphite because their 
hardness is 40-70 GPa. This material may be con- 
sidered as superhard. Perhaps C,, molecules de- 
stroyed at these P-T conditions form a carbon 
hexagon net, “bridges”, between unbroken mole- 
cules. It would be appropriate to call this intermedi- 
ate state “graphite-like fullerite”. Probably, similar 
structures were revealed earlier 1221, but their hard- 
ness is up to 40 GPa and that does not allow us to 
consider these materials as superhard. 

4.4. Diamond 

Our synthesis conditions occur in the stability 
region of diamond [23]. That is why the transforma- 
tion of C, into diamond is more likely than into 
graphite at our P-T conditions. When we used the 
ordinary catalyst, an almost 100% transformation of 
fullerite to diamond was obtained at P = 8 GPa, 
T = 1800 K. But according to the X-ray diffraction 
patterns (Fig. l), and the Raman spectra (Fig. 31, 
solid C, transforms into diamond structure only at 
TZ 2000 K approximately. We consider the “di- 
amond” denoted in the right upper comer of the 
diagram as a nanosize diamond [24] or a type of the 
“new amorphous diamond” 191. 

4.5. Amorp~aus 2 $&rite state 

Another amorphous carbon structure (am.21 syn- 
thesized from C,, [2] is shown at the right side of the 
diagram. In Ref. 121 we found the 2.1 A d-spacing 
by the X-ray pattern for this state. The present study 
allowed us to dete~ine the position of the halo 
maximum as 2.18-2.16 A. Although this value cor- 
responds to the d-spacing of hexagonal diamond 
(lonsdalite) 1241, we can not identify the obtained 
carbon state as lonsdalite because of the absence of 
splitting into peaks at 2.06 and 1.96 A, which should 
be present for lonsdalite. The exception is pattern no. 
14 in Fig. 1, but this sample should be considered as 
a mixture of the am.2 state with diamond. 

We assume that a d-spacing of 2.16-2.18 A 
corresponds to the ( 100) peak from the carbon 
hexagons with the parameter a = 2.50 10.01 A. In 
the case when the hexagonal nets are connected by 
covalent sp3-bonds without long-range order along 
the c-axis, the diffraction pattern of this structure 
consists of the hk0 peaks [25]. The calculated d- 
spacings from a = 2.50 A for the reflections (IOO), 
(1 10Joand (200) are the following: 2.16, 1.25 and 
1.08 A, which we have found ex~rimentally [2]. If 
we accept that the parameter c equals 6.67-6.19 A 
(Fig. 1, no. 111, then the calculated X-ray density of 
this carbon structure is 3.0-3.4 g/cm”. This density 
is consistent with our experimental values 3.1-3.4 
g/cm3 for the amorphous samples obtained at 13 
GPa. When we suppose am.2 is a mixed sp2-sp3-state 
with a cage nanostructure then one can estimate the 
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interatomic distances <A>: 1 SO t_ 0.02, 2.50 rt 0.02, 
3.10 rfr 0.02, 3.80 + 0.05 and 6.7 f 0.1. These dis- 
tances were found from the radial distribution func- 
tion G(r) of the shocked C,, fullerite samples [9]. 
However, that G(r) was attributed to the pure sp3- 
bonded state called new amorphous diamond. Ex- 
cluding the fullerene-originated values 3.10 and 6.8 
A, the same interatomic distances were obtained 
from the experimentally determined 1261 and simu- 
lated 1271 G(r) of the amo~hous diamond-like films 
produced by ion beam deposition (i-C). It is known 
that films of this type are not homogeneous, the ratio 
between sp3- and sp2-bonds is usually not better than 
80% and 20% and the hardness for i-C may exceed 
diamond hardness. Actually, in Ref. [27] it is claimed 
that the mixed sp’- and sp2-bonded structure may be 
more rigid than the pure sp3-bonded diamond in the 
case of an appropriate relation between the quantities 
of these bonds. That may be the reason for the 
ultrabard properties of the am.2 state f.21. We sup- 
pose that the hardness of the am.2 state may be 
higher than the i-C hardness due to a higher density 
and the cage structure. 

In Refs. 19,281 the 2.2 and 1.2 A d-spacings of 
shocked Cm were assigned to another pure sp3- 
bonded amorphous diamond by analogy with e-C 
(evaporated amorphous carbon), which has similar 
d-values. But e-C is rather a graphite-like than a 
diamond-Iike material and its density is usually less 
than 2.5 g(cm3. The X-ray density calculated from 
d II 1 = 2.2 A for the diamond structure is less than 
3.0 g/cm3, whereas the experimental value was 
higher than 3.3 g/cm3. It was noted that this amor- 
phous diamond was similar to collapsed fullerite [7]. 
However, collapsed fullerite had neither X-ray re- 
flections nor Raman scattering. The absence of the 
Raman scattering was explained by the complete 
sp3-bonding of carbon. On the other hand, the amor- 
phous ultrahard fullerite (am.21 has quite definite 
Raman spectra (Fig. 3,720 < T < 1470 K) and broad 
X-ray bands displaying the existence of sp2-bonds. 

One should note that the density of the am.2 state 
is close to the calculated density 3.35 g/cm3 of the 
quenched state [29] found from the simulation of 
compressing CM, molecules to 4.4 g/cm3 and heat- 
ing to 2500 K. The sp3-sp2-bonds ratio was calcu- 
lated to be 79% and 21%, respOctively. Besides, the 
calculated G(r), up to r = 5 A, for the simulated 

collapsed C, [29] coincides with the calculated and 
experimentally determined G(r) of i-C [26,27]. 
Probably the structure of the nearest atomic environ- 
ment in the am.2 state is similar to i-C, whereas its 
nanoscale stntcture contains the molecular and inter- 
molecular cages that are absent in i-C. 

5. Conclusion 

We have found that new crystalline and amor- 
phous carbon structures are formed from fullerite 
quenched after high-pressure-high-tempera~re treat- 
ment in a wide P-T region. Transient fullerite states 
containing two or more phases are detected between 
the areas of the monostructural states. P-T regions 
for the formation of these structures are built. 

For the first time the bee structure of fullerite was 
found at 13 GPa. Traces of this structure appear at 
room temperature, gradually increase with tempera- 
ture, distorting at high temperature to a monoclinic 
structure. The c~stalline st~ctures are stable at heat- 
ing up to 900 K. 

We have found three amorphous states of 
quenched fullerite: the am.1 and am.2 states and 
~‘graphite-like fulferite” ~transient state), which are 
different by their properties. All of them contain sp2- 
and sp’-bonds. Their properties and n~os~cture 
depend on the sp3-sp*-ratio. We suppose that the 
structure of the am.1 state may be a 30 polymer of 
sp”-bonded C,, molecules. The hardest phase, called 
ultrahard futlerites (the am.2 state), contains an es- 
sential quantity of sp2-bonds and, probably, has a 
carcass nanostructure. 
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