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SUMMARY: This is an. introductory review of a new research area, the study
of carbon clusters, whose rapid developement in the last few Yyears has been caused
E by motwations from utrophysics and sohd-state phyncs |

rl:- | INTRODUCTION a

The purpose of thle pe.per 18 to present an in-

troductory review of a new research area , the study
of carbon clusters, and in partlcular Cso At ﬁrst
sight, it may seem that such a subject has absolutely

no rela.tlon at all with astrophysics. However, the _

rapid developement of the field in the last few years
was actually motivated by a long-standing astmphys-
ical problem the interpretation of the ori

n of the
diffuse interstellar absorptlon hnes DiL) ?Kroto et.
al., 1985 1987)

"The study of ca.rbon clusters can be mtro—
duced by posing the following ”simple” question:
What is the biggest number of carbon atoms that
can form a molecule? Starting from general chem-
ical considerations, one could ie tempted to quote

a small number like 2 or 4. It has been observed
nearly 50 years ago, that clusters. of up to 15 carbon

atoms can exist (Hahn , Strassman, Mattauch et. al.,

1942; Mattauch , Ewald Hahn et. al., 1943). Work
performed in the last few years has shown that this

number can be as large as 60 (Kroto, Heath, O’Brien

et al . 1985) and the largest clusters synthetized so

far conta.m 266 carbon atoms (Parker , Wurz, Chat-

terjee et. al., 1991).

- The relevance of carbon clusters to the so-
lution of the DIL problem is not, at present, def-

initely established (Kratschmer, Fostiropoulos and
Huffman, 1990; Huffman, 1991). It has however been
shown that these materials. are extremely interest-

ing in solid-state physics:some of their compounds
are superconducting, with the critical temperatures

of the order of 30 - 40 K (for example, Rosseinsky,
Ramirez, Glarum et. al., 1991; Tanigaki, Fddesen,

Saito et. al., 1991).

Ca.rbon clusters are today objects of a world-
wide research effort. A recent bibliography of papers

on Cgo published between 1984 and March 1992 has a
length of 55 pages, while a list of research groups ac-

' ,I.twe in the field has another 10 pages (Smaley, 1992).

This paper has two more sections. The next

one 18 devoted to a discussion of the possible role of

carbon clusters in the solutlon of the DIL problem,

while the final section is concerned with studles of

carbon clusters and their compounds in solid-state
physics. - |
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2. INTERSTELLAR SPECTROSCOPY

" First observationa indicating that the redden-

ing of starlight is due to absorption and scattering

on small interstellar grains were made around 1930.
A detailed recent review of the problem is given by
Bussoletti and Colangeli (1990).

 The analysis of spectra of interstellar materi-

astrophysical problems. A strong boost to the de-

velopement of the field was given by the detection

of interstellar NHg and H30 (Cheung, Rank, Avery
et al., 1968; 1969). These and later detections of in-

terstellar molecules have led to much effort aimed at
understanding the processes of their formation. It 1s

now generally accepted that the presence of most of

the observed molecular species can be accounted for
by sequences of bimolecular ion-molecule reactions, -
combined with reactions on the surfaces of interstel-

clear

als has led to important insights in a wide range of

 Modern work (Turner, 1989; Duley et. al.,
1989) has shown that grains of carbon in the in-
terstellar medium and in stellar atmospheres con-
sist mostly of amorphous graphite, It has been pro-
posed that carbon chains can ge synthetized by reac-

- tions between carbon clusters, produced by evapora-

tion of graphite from carbon grains and the simpler
molecules present in the interstellar medium (Kroto,
1982). '
The experimental confirmation of this idea ca-
me a few years later (Rohlfing, Cox and Kaldor,

1984; Heath, Zhang, O’Brien et. al., 1987) . It was

shown that laser vaporisation of graphite within the
throat of a pulsed nozzle generates a beam of carbon
clusters C,, with 1 < n <€ 190. Only even clusters

Can were formed for 20 < n < 90, while both even

and odd clusters C, were generated for n between
1 and 30. Clusters (n < 30) were observed to react

lar grains (Turner, 1989). Although., the presence Of with H and N to form polyynes , Some of which have

many molecules has been confirmed in interstellar already been detected in intersiellar space {Kroto,

space (i. e., the carriers of a large number of spectral
lines have been determined) there remained a group

of lines for which no particular carrier could be iden- -

tified. Some of them were observed even before the
recognition of their interstellar nature. For example,

in the spectral region 440 nm < A < 685 nm, there

exists a group of 39 diffuse absorption lines (DIL),

1975), but whose carriers have not yet been discov-
ered (Wu, 1972; Herbig, 1975; Huffman, 1977; 1991,

Leger and Puget, 1984; Allamandola, Tielens and

Barker, 1985)- The discovery in interstellar space of
carbon chain molecules (cyanopolyynes) of the gen-
eral form HC,N, with 3 < n < 11 (for example, Bell
et. al., 1982) caused much speculation. =

- Namely, it was hardly concievable that car-
bon chains with as much as 11 C atoms can be syn-
thetized by the ion-molecule reactions, which pro-
vided a satisfactory explanation for the presence and
abundances of the simpler molecules. It was also dis-
covered that polyynes and small carbon clusters (Cg)
were present in circumstellar shells around carbon
stars, such as IRC +10°216 (Turner, 1989).

This object is surrounded by dust (Morris,

1975), which orriginates in the shell, and is being
ejected in the interstellar medium with the molecu-
les. A short time after the existence of the interstel-
lar grains was discovered, it has been shown that the
physical conditions in stellar atmospheres were such
that carbon particles could form and that they would

be driven into the interstellar medium by radiation
pressure (O’Keefe, 1939). This idea has meanwhile

gained both observational and theoretical support.
It is currently considered as an established fact that

carbon chain molecules and carbon clusters are being

ejected into the interstellar medium by stars (Kroto,
Heath, O’Brien et. al., 1987; Turner, 1989) but the
chemical relationship between the two species 1s not
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which are known to be of interstellar origin (Herbig,

1988).
- Large clusters were completely inert, and mass

spectrometry has shown that under various cluster-
-ing conditions the dominant cluster was Cgo (Kroto,
'Heath, O’Brien et. al., 1985; Heath, O’Brien, Curl
~et. al., 1987). It was proposed that the observed be-

haviour of Cgg could be the result of the stabilization
by closure of a graphitic net into a hollow chicken-

cage structure (Kroto, Heath, O’Brien et. al., 1985;

Kroto, -1988), known in geometry as the truncated
icosahedron. It is a polygon with 60 vertices and
32 faces, 12 of which are pentagonal and 20 hexag-
onal. A very common object of approximately this
form is the football. Because of the similarity of this

structure with the domes extensively constructed by

the architect R. Buckminster Fuller, Cgp and sim-

ilar clusters were named the buckminste_rfullerenes

(fullerenes for short). . - o

First suggestions that the fullerenes might be
the carriers ofgtﬁle DIL were made in the discovery
paper (Kroto, Heath, O’Brien et. al.,, 1985); they
were based on the stability of the fullerenes when
formed under the most violent conditions, and on
the well known fact that carbon is present in the

- interstellar medium in the form of grains.

At the time, no optical properties of the fulle-

renes were known. Recent work (Kritschmer, Fo-

stiropoulos and Huffman, 1990; Pichler, Graham,
Gelsen et. al., 1991; Pichler, Friend, Romanow et.

‘al., 1992) has allowed the recording of optical ab-

sorption spectra of solid Cgo. A comparison of these

‘results with the interstellar extinction curves (such

as those given in Huffman, 1991) does not show any
obvious similarities, apart from the UV band at 217
nm, which is close to an interstellar absorption line.

‘On the other hand, it is known that Cgg is related to

soot (Kroto, 1988). -~
- Experiments have shown that IR spectra o
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" -From the moment they could be produced: in-:

soot have 4 lines in the region expected for Ceo (Kriit- th _
”large” quantities, laboratory research on the fulle-.

schmer, Fostiropoulos and Huffman, 1990). It has

also been shown that doping Cgo- with Crq introduces

interesting changes in the spectra. For example, the
optical absorption spectrum of a Cgp/C7o film (Pich-

ler, Graham, Gelsen et. al., 1991) is qualitatively

similar to the interstellar extinction curve for photon
energies smaller than 4 eV. This could be interpreted

as meaning that carbon clusters are. present 1n.space

in the form of a mixture.of Ceo and Crg.

fluence on the reddening of starlight; more quantita-

tive proofs (some already exist) would be needed be-

fore one could consider this problem as being solved.

" Whether or not Cep is the carrier of the DIL

is, at the time of this writing (end of June 1892), a
completely unsolyed problem. A possibly interesting
path towards the solution could be the investigation

of the optical absorption spectra of mixtures of Ceo

and Crg. By varying the relative abundances of the

two components, and eventually adding some higher

order fullerenies; one could aim at extending the re-
gion of similarity of the interstellar extinction curves
and the optical spectra of the fullerenes. Unfortu-
nately, due to the well-known information exchange
problems with the rest of the world, the present au-
thor is unaware as to whether there has been any
work 1n ;-Eh.?'t direction.

3. SOLID STATE PHYSICS

The quantities of Ceo produced in early ex-

periments were extremely small. The synthesis of

der of 100 mg in a day, became possible only re-

cently (Kratschmer, Lamb, Fostiropoulos and Huff-
man, 1990). .. = ~. o

' The input substance for this p;océgs is pure

graphitic carbon soot. It is produced by evaporating
graphite electrodes in a rare helium atmosphere (the
partial pressure of He is only about 100 torr). The

soot is then scraped from the collecting surfaces of

the evaporation chamber, and then dispersed in ben-
zene. In this way oné obtains a wine-red to brown
liquid, whose exact c¢olour is concentration depen-
dent. The liquid is then separated from the soot and
slowly dried, the final result being a crystalline ma-
terial of dark brown or black colour. =~

~ After purification (the method for which. has
also been proposed) of the material obtained in this

way, mass spectrometry shows that it is a mixtureof = 1mpl ,,
“between carbon atoms. This has recently been con-
‘firméd by NMR measurements (Yanneni,” Bernier,

fullerenes of various order,

. us order, in which the most abin-
dant component 18 Cegpg. S '-

superconductors, -but. it is considerably higher than

‘sional strong

;_enes has developed along the following three direc-
ions: | | - - -
— the possible occurence of superconductivity;
- studies of phase transitions; -
— the determination of their crystal structure.
. Measurements of the electrical conductivity of
pure Cgo have shown that it is an insulator (Huffman,
1991). However, when intercalated with alkali-metal

"~ When produded 'in- laboratory (K Etschmer, ~ atoms to form the "fullerides” (Hélzer, Klein, Huang

Lamb, Fostiropoulos and Huffman,- 1990} ‘and dis-
persed in benzené, Cgq is of ‘wine-red colour when
observed in transmitted light. This observation can,
at a qualitative-level, support the idea that i 1t is
present in space, buckminsterfullerene has some in-

et. al., 1991), it becomes a supérconductor. Experi-
ments were done on the fullerides’of the composition
A,Cego , where A denotes an alkali-metal atom. It
was thus shown that K3Cesp has a ¢critical tempera-
ture T 2 19.3 K (Holzer, Klein, Huang et. al., 1991)
which was increased to Tc 2 28 K for A = Rb (Ros-

seinsky, Ramirez, Glarum et. al., 1991). Further

increases of the critical temperature were obtained

with more complicated doping. A compound of the
form Cs3RbCeo has T 2 33 K (Tanigaki, Eddesen,
Smto e__t._ -iﬂal ’. 199 1)‘,‘ Whlle the "comp,ou_r_i,d' quleg_g Ceo
has a critical temperature as high as T, = 42.5 K
(Huffman,1991). . .~
" 'The superconducting energy gap was measu-
red for some of the fulleriﬁm. Feg; example, it has
been found for RbgCso (Zhang, Chen, Kelty et. al.,
1991) that 2A/kgT. = 5.3. This is comparable to
values found for the high-temperature copper oxide

the material-independent weak coupling prediction
of the BCS theory, which gives for the gap the value
of 2A/kgT: = 3.63. The implication of this result is
that the fullerides are first examples of three dimen-

, ag- coupling organic conductors. Should
this similarity be confirmed, it could facilitate the

~ explanation of the mechanism of superconductivity
in the fullerides. Although various proposals exist
(Pickett, 1991), no definitive theoretical consensus

has emerged on the topic (Pietronero, 1992).

. . An experimental result which could be theo-

retically interesting is that the fullerides of the com-

position AgCego are isostructural (the lattice is f. c.

c) and that the critical temperature increases mono-
tonically with the size of the unit cell. A similar be-

haviour has been obtained for the density of states
“at the Fermi level, N(Er), (Fleming, Ramirez, Ros-

seinsky et.. al., 1991), which implies that changes in
"« can somehow be accounted for by the changes in

" The problem of the crystal structure of buck-

‘minsterfullerene and its changes under. the influence

of various external parameters (i.; e.; the structural

phase transitions) has been attacked by various ex-
perimental methods.. The structure of the Cgg cluster

proposed in the discovery paper (Kroto et. al., 1985)
implies “the existence. of two different bond-lengihs
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Bethune et. al., 1991). C atoms placed on any:given

pentagon are separated by (1.45 £ .015) A, while the -
corresponding number for those on a hexagon is (1.40
+ .015) A. The moment of inertia of a Cso molecule,

approximated as a three-dimensional free rotor, is

[

At room temperature

I = 1.0 1074 kg m? ‘éLu,‘ Li and Martin, 1992).

so molecules are placed at

f. C. C. lattice sites mﬁohd Cﬁﬂ (St.ephem L Mlha.ly '
Lee, 1991). Recent powder neutron diffraction ex- .

periments (David, Ibberson, Dennis et. al., 1992 a,

b) haVe BhOWIl th_gtsohd ng lBOf Cllblc BtIUCtllfé 111
the temperature range between 5 K and 320 K. The
es 8 hase transition at
T. = 260 K, and a continious phase transition has

material undergoes a first-order E
P

been detected at 90 K. In the high temperature re-

.¢. ¢, but the individual Cgg molecules are orienta-
tonally disordered, undergoing continious reorienta-
tion. ‘High-pressure experiments (P < 5 kbar) have
shown that the high temperature transition is pres-
sure dependent, with dT./dP = 11.7 K/kbar (Kriza,
Ameline, Jérome et. al., 1991). A small structural
anomaly has been detected at 155 K. Below 260 K
the mechanism of molecular reorientation changes; it
is modelled as reorientation about a single axis, and
the: lattice is simple cubic. -~~~ -
~ These data have been successfully described
(Lu, Li and Martin, 1992) by a ‘model representing
the - interaction between carbon atoms on different
Caa molecules as a combination of van der Waals
3.1?3 ‘Coulomb interactions, and then minimizing the
total energy. - - - . =
Higﬁprmur«e, low temperature experiments

have also been done (Kriza, Ameline, Jérome et. al.,
1991; ‘Nunez-Regueiro , Monceau, ' Rassat et. al.,
1991). They indicate the existence of two phase tran-
sitions, at 3 kbar and 150 - 200 kbar. It is interesting
to note that these values of transition pressure can be
predicted within the classical theory. of dénse matter
proposed by P. Savié and R. Kaganin (Celebonovié,
1992 a). The volume compressibility of solid Ceo
has been measured (Fischer, Heiney, McGhie et. al.,
1991). Its value, - dInV/8InP = (7 £ 1) 10-1°
cm?/dyn, makes Cgo the softest known solid com-
‘posed only of carbon; this value is consistent with
‘the previously mentioned idea of van der Waals +

Coulomb intermolecular bonding.

" Finally, a few words about the packing of 1n-
“dividual molecules of buckminsterfullerene in crys-
talline Cgo. A crystal consisting of a mixiure of Cegg
and Crg in the proportion 90 : 10 was recently stud-
ied by transmission electron microscopy (Wang and
Buseck, 1991?. The immages obtained showed pro-
jections of hollow Cgg molecules in close-packed con-
figurations. On some of the immages the existence of
‘domain-like structure was detected; namely, regions

containing fullerenes both smaller and larger than . wiss., 3U, 04 |
‘Heath, 1. R., Zhang, Q., O’Brien, S. C. et al.: 1987,

Ceo Were detected. By measuring the diameters of
the immages, fullerenes as small as Caz and as-large
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ion, that is for T > 260 K, the lattice of solid Ceo is

as Cyisq were detected. It is not clear whether the
larger fullerenes were formed as a consequence of ra-
diation dammage in the electron microscope, or due
to some spontantenous reaction. - '

4. CONCLUSION

- This paper had the aim of introducing the
field of carbon' cluster research to a previously un-
interested reader. Due to the complexity of the field
and the rapidity of its developement, no attempt of
completeness was made; for instance, we have not
entered into details concerning optical studies of the
fullerenes, althbugh these: could have usefull conse-
quences in astrophysics. Results acquired so far in
superconductivity of the fullerenes could have apph-
cations in two different areas: astrophysics (because
conductivity is related to optical parameters of a sys-
tem) and solid-state physics (it seems that by care-
fully complicating the doping the critical tempera-
turerises). =~ . . - L

. . A general conclusion is that carbon cluster re-
search is a rapidely developing field on the border

of astrophysics and solidstate physics. It is hoped

that this paper will arise sufficient 1nterest of at least
some readers so as to initiate them to begin scanning
the literature and attempting to do some research on
their own. |
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Cqao — ACTPOSUBUYKU [TIPOBJIEM IMPEHET Y UBUKY YBPCTOI" CTAA

BaanaH YenebonoBuh

Hnemumym 3a gusuxy, II. gax 57, 11001 Beoepad, Jyeocaasuja

YIIK 524.5-76
IIpeznedHu uAGHAK

Y 0BOM 4JIaHKY IAT je YBOL y MpobJIEeMAaTHUKY
HCTpaXyBalha jaTa (T3B. KJIacTepa) aToMa YrikCHHKA.
‘MoTHBHM 3a €KCIUIO3UBaH pa3Boj UCTpPaXHBaa Y OBOM
IOMEHY Cy ABOCTPYKM: TOTHIY U3 acTpoduarKe (1pob-
neM IUPY3HHX ancopnilMOHMX NNHHWja Melyspesna-

HOI MOpeKfia) M (U3MKe YBPCTOr CTama (jeauiera
yrJECHHKOBMX KJIacTepa ¢a ajJKajlHUM EIEMCHTHMA Cy

CyIeprpoBogHa). ¥ pafy cy NpuKa3aHi ofaCpaHy Io-

CTUTHYTH PE3YJITATH & YKa3aHO j¢ 1 Ha HEKE OTBOPCHE
npobraeMe U Moryhe myTese HUXOBOI' peliaBaiba.
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