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ABSTRACT

Fullerenes were disceved by Curl , Kroto and Smalley in 1985. C60 fullerene molecule composed of
20 hexagons and 12 pentagons has diameter of 0.7 nanometers. The C60 fullerene has a face centered cubic
(fcc) lattice with a lattice constant of 14.1°9A at room temperature. BHlerene molecule is highly
electronegative and form doped compounds with alkali metals. These doped fullerene molecules are
superconductors at temperature below 2K. KC60 and RIC60 shows superconductivity with the onset Tc
of 18K and 28K. Not onpotassium and rubidium doped superconductors hawu€BD stoichiometry, indeed
all the alkalidoped superconductors have same@&0 stoichiometry. However, Tc increases from 17 to 28
with increase in x from zero to 1 in-¥&®Rbx (x= Rb to K ratio). Interesfly RBC60 has a critical temperature of
27 K. Under strong pressuresC80 cmpound Tc can even increase to 40K. Although at atmosphoric pressure
CsC60 compound is both insulating and magnetic. Recently hole doped fullerenes system C&0&3HBr
exhibted greatest critical temperature , Tc = 117 K at ambient pressure for an organic superconductor. Field
effect doping techniques have been expoited to prepare superconducting fullrenes. The maximum Tc of 52 K
for 3+£3.5 hole per C60 , which is almosefiime higher than for electron doping has been absorved. Instead
of preparing the superconductor in powered form fullerene nanowhisk€kQ60NWs by potassium
interaction has been prepared. In the present article a review of superconductive fulleremastiles is
described.
Keywords:C60 fullerene, Superconductivity, alkdtiped fullerenes, hole doped fullerenes, Field effect doped
fullrenes, fullerene nanowhiskers.
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INTRODUCTION

Metals are used for eledtity transmission, but energy is lost as heat because of electrical resistance.
Superconductors show no electrical resistance and can carry electricity without losing energy. Therefore, it is
important to develop a superconductors which can work at ambi¢emperature. Most superconductors
have simple structures built from atoms. But in recently, made superconductors molecules are arranged in
regular solid structures. Among the different new materials with high temperature superconductivity,
fullerene compoundsre significant. Fullerenes are holleskaped carbommolecular aggregates. The simplest
and most symmetric of which is the C60 molecule composed of 2@goes and 12 pentagons, as on a
football. Discovered in 1985 by Curl, Kroto and Smalley [1] this molecule has a diameter of 0.7 nanometres.
The C60 molecules have the form of a truncated icosahedron Witpointgroup symmetry [2] (Figuré) .
Fleminget al. [3] first determined that after precipitation from solution the solid C60 crystallizes in the correct
fce structure [3, 4] (Figure 2) . However, it must be observed that, since the local symmetry is icosahedral, the
full symmetry cannot be preserved ia crystal. A common structure that can accommodate a lower local
symmetry is the bcc space group3. The reason for C60 choosing fcc over bece has been suggested to be that
the crystal chooses the highest density. It is not fully clear why the fcc steués chosen over the hcp
structure, which has the same density. It seems that in the presence of orientational distortion the fcc
structure corresponds to a lower energy [4].

Figurel: The structure of the C60 molecules [ Rao , CNR , Seshadrig®d@raj , A and Sen , R., 1995,
Mater. Sci. Engng. 15, 209. ]

Figure2: C60 in fcc structure with bond lengths [Leonardo Degiorgi, Fullerenes and Carbon derivatives from
insulators to Superconductors, Advances in Physics , 19984VpP07316]
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Onthe basis of extensive structural studies , it is now well established that solid C60 forms ga face
centred cubic (fcc) lattice with a lattice constant of 14.P7ah room temperature [512]. In this structure the
distance between nearest neighbor C6fluster is 10 Aand thus the intercluster separation ( diameter of
C60=7.1Ais 2.9 A This intercluster separation is .45l8as than 3.35 Ainterplanar separation in graphite
. In addition , there are sizable empty holes , which constitute @6fte total cell volume , within the fcc C60
lattice. There are two tetrahedral holes and one octahedral hole with radii of 1°EHh&\2.06 Arespectively
per C60 molecules [13Figure 3).

Figurec3a&3b: fcc lattice structure of solid C6Gs6lid O) showing the tetrahedral (K(T) and octahedral (K(O)
alkali sites. The K (T) : K(O) site ratio is 2:1 [ Zhang , F.C., Ogata, M., and Rice T.M., 1991 , Phys. Rev. Lett.,
67, 3452]

When alkali metals are intercalated into the fcc lattice, they @gcthese interstitial sites. If one
ignores the molecular orientation, four distinct crystalline structures can form without alternating the host
structure: (i) the rock salt type (@60) in which all Gites are singly occupied; (ii) the afitiorite type (AC60)
in which all Tsites are occupied (iii)s3&60 where all the-Tand Osites are occupied; and (iv)360 with half of
the Tsites are selectively occupied (this has only been observed in the metastal@d@O)aMost of the
superconducting alkali etal fullerides have the same chemical composition €260 (A = #and Rb) and the
face-centered cubic (fcc) structure, at least at room temperature. Two exceptions are ta&CEL4] and the
NHKsC60 [15] .Both have neitc structure and are only supeneducting under hydrostatic pressure. In these
compounds the charge transfer from alkali metal to C60 is almost complete, resulting a nearly triply minus
charged C60 molecule. This is due to the low ionization energy of A and the relatively large eéaiiynof
C60 [16, 17].

As fullerene molecule is highly electronegative, it readily forms compounds with electron donating
atoms,the most common examples being alkali metals [34]. This reaction leads to production of an interesting
class of compoundsnlbwn as alkaltloped fullerides, wherein alkali metal atoms fill in the space between
Buckyballs and donate valence electron to the neighbouring C60 molecule. If alkali atoms are potassium or
rubidium, the compounds are superconductors, and they condusttet current without any resistance at
temperatures below 2@10 K [18], e.g., s0 , RBGso . Xray diffraction studies show that the alkaloped
fullerene has the same structure aso@ith fcc symmetry and the lattice parameter of the alkaloped
fullerene is smaller than that ofe€due to the coulomb interaction between alkali cations ard &ions.
Alternating current susceptibility and microwave absorption measurements confirm #@at #nd RbGso are
superconducting with the onsetcTof 18K and 28K, respectively. The microwave absorption hysteresis
measurements give an evidence of existing superconducting phase with the aneétalbout 26K in the
potassiumdoped fullerene (Figurd and 5).

Although nethier the stoichiometry nor structuref ahe superconducting phase was known

initially,but it was proposed that potassium intercalated into the octahedral and /or tetrahedral holes in the
lattice. Subsegently studies have shown that the stoichiometries of the potassium [19, 20] and rukidium
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doped [2022] C60 superconductors are@60 and RIC60, respectively. Indeed, all the known alkali metal
doped superconductors have the same®60 stoichiometry (Figur#&5). Lattice constants and transition
temperature of the alkali metatDoped C60 supeonductors are collected in Takllg23, 24]. A plot of Tc
versus the Rb:K ration x in (Rbx) C60 shown in FigeBeshows that Tc increases from 17 to 28 K with
increase in X from zero to 1. The fcc lattice constant also increases from 14.26336 &s x increases from

0 to 1. Figur& shows the variation in the superconducting transition temperature Tc with fcc lattice
parameterao for various composition of &£60 [22].

Figure4: Model illustrating the packing of alkali metal ions into ¢htetrahedral and octahedral holes in the
fcc MBC6O lattice (left). The cluster are representated by gray shaded spheres and the alkali metal ions by
smaller , light gray shaded sphere¥.dshihiro Iwasg Superconductivity: Revelations of the
fullerenes,Nature , 466,194192,(08 Jly 2010),d0i:10.1038/466191a]

Figure5: The fullerene molecules consist of 60 carbon atoms arranged in a truncated icosahedral shape (a
soccer ball) and pack in a regular cugilosepacked array in three dimensions. Alkali metal ion&{ith H.
Zadik, et.al."Optimized Unconventional Superconductivity in a Molecular Jdteller Metal", Science
Advances, vol. 1, article number: e1500059, 2015]

Tablel: Lattice constants and transition teperature of the alkali metatDoped C60 superconductofs

Charles M. Lieber and Zhe Zhang , Physical Properties of Metal Doped Fullerene Superconductors ,Solid State
Physics , Vol 48, 1994, 34884, 23 ]
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Material FCC Lattice Constant’JA Tc (K)
NaRbC60 14.028 2.5
NaCsC60 14.133 11
KsC60 14.253 19.2
K:RbC60 14.299 21.8
KCsC60 14.292 24
KRRC60 14.364 26
RC60 14.436 29.4
(NHs) 4 Na2CsC60 14.473 29.6
RkCsC60 14.493 31.3
Cs3C60 [A15, (bct lattice)] 40¢ Pressure)(Pex 15 Kb
C60/CHGhole dopaland 117
intercalated
30 \ ;

Te (K}

L 1
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Figure6: Plot of Tc versus the Rb: K ration x in {Ribx) C60. The fcc lattice constant increases from 14.253
to 14.436 as x increases from 0 to 1] .
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Figure7: Tc of bulk samplesof AB | QE/ cn ¢ KSNB | RbloyR has GearhJhedNS & Sy i
dependence on lattice constant a. Alkali atoms with larger ionic radii produce a greater effective negative
pressure and large lattice constant. The lattice constants refer to fcc . Application of pressure causes a lattice
contraction and corresponding decrease in Tc . Results determined for potassium and rubidioped C60
( blue and black lines , respectively ) overlap with the zero pressure data ,Fleming R. M., et.al, 1991, Nature,
352, 787 ,See O. et.al/, Science 25538 (1992)][36] Arthur F. H, Superconductivity in doped fullerenes,
Physics Today November, 1992 ;24
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The one molecule composed 8falkalinesor one fullerene is superconducting. For instance; G0
has acritical temperatureTcof 27 K {246°C). If a strong pressure isptied to the compound GE60, the Tc
can even increase to 40 K. The molecular structure of this compound gives it significant superconducting
properties. Now it is accepted that the interaction responsible for the electron pairing is located on the ball
and was caused by the vibration modes of the ball. In order to try and increas&ctlatempts to insert Cs
(the biggest alkaline ion) were made, but it was only in 2008 that the synthesis@6@sompounds was
achieved [32].The most surprising part wathat the space between C60 was so big that the electrons were
pinned to the balls and prevented them from relocating. At atmospheric pressure, §@6Csompound was
hence both insulating and magnetic (Fig®e

A=
V7 LN

&)

{:'; ’:{""l‘f‘

Figure;8: Structure of new fulleree compound C&Zo. [The grey spheres in the shape of a soccer ball
indicate fullerene molecules. The red spheres indicate cesium atoms. The distance between adjacent
fullerene molecules is approximately 1 nanometer (o#dlionth of a meter), [Yoshihiro lwasa
Superconductivity: Reelations of the fullerenes,Nature , 466,19192,(08 July 2010),d0i:10.1038/466191a]

However, under a stronger pressure, the compound becomes a superconducting metal with a
maximumTcof 35 K {238°C). This transition from an insulator to a metal (Mo#inition) reminds of what
happens incuprates pnictides andheavy fermion compounddNhen pressure is applied to the fullerene, the
intermolecular distance is shortened, the elemts start moving, and the fullerene is transformed into a metal
and exhibits superconductivity:-he superconductivity of this fullerene with a highisTrelated to its electrical
properties, which enable its transformation from an insulator to a metgl(f&9).

under normal pressure

Figure9: Change in electronic state of 40k with respect to pressure clarified in this experimenYpshihiro
Iwasa, Superconductivity: Revelations of the fullerenes,Nature , 466,4992,(08 July
2010),d0i:10.1038/466191a
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Hole doped fullerenes exhibit higher aci#l temperature than electron doped fullerenes [25].
Recently, Schoen et al. found a haoleped C60 superconducting system C60/GHBhich exhibited very high
critical temperature Tc = 117K at ambient pressure. It is the greatest Tc for an organicosgioetor with a
buckyball doped with holes and intercalated with CHE6] (Figurel0). Schoen expected that when
bromoform or chloroform molecules are inserted inside a fullerene compound, they would sit in between the
fullerene molecules. In this wayhe fullerene molecules would be pushed apart similarly in the three
directions. But, Dinnebier explained that the fullerene compounds with chloroform or bromoform were no
longer cubic. Instead, the fullerene molecules formsided hexagonal shapes(Figtl0). The compound is
made of parallel planes, each containing a series of connected hexagons. The chloroform and bromoform
molecules sit in between the planes, pushing the fullerene molecules apart only in the direction perpendicular
to the planes [2728]. While these results give a clearer picture of how a fullerene compound can be modified
by adding chloroform or bromoform, but still it is not clear to what causes the increase of the
superconducting temperature. One possibility is that when cHlmmm or bromoform molecules are added to
the fullerene compound, their electrons add to the ones already existing in the compound. The collective
motion of all the electrons then creates heat that increases the temperature. According to the theory, the
number of electrons would have to increase by 25 to 35 percent to explain the measured superconducting
temperature. However, Olle Gunnarsson, showed that, in a hexagonal structure, the number of electrons
increases by, at most, 10 percent. Dinnebier ha® aluggested that the chloroform and bromoform
molecules may play a role through interactions between their electrons, but this hypothesis has not yet been
tested [27].

Figurel0: Structure of a fullerene crystal with chloroform molecules insatterithin the lattice. Crystal
structure of low phase of €.2CHGlat T=50 K (Isotopic to€&2CHB4)in a view along b axis showing the
close relation to the hexagonal room temperature phasekdbert E. Dinnebier, et al., .Structure of Haloform
Intercalated C60 and Its Influence on Superconductive Properti€gjence296, 109 (2002)].

Another technique, fielebffect doping exploits the fact that under a strong, static electric field,
charge (electrons or holes) will accumulate at the surface of the rizdteffectively modifying the electronic
density in that region. This type of doping avoids imperfections that cause the system to deviate locally [29].
Schole et.al. in gatmmduced superconductivity in holeand electrondoped C60 singlerystal fieldeffect
transistor structures have been able to sweep the charge carrier density continuously from, 4.5 holes per C60
to ,4.5 electrons per C60. The maximum Tc of 52 K for 3+£3.5 holes per C60, which is almost five times higher
than for electrondoping inthe same geometry (11 K) [29, 30] was absorbed.

In general, superconducting®60 bulk samples have been synthesized mainly by three metheds,
a solidsolid reaction, vapor evaporation, and a reaction using liquids. Much effort has been expended to
produce the KC60 superconductor, but a large volume fraction was difficult to obtain by a simple heating
method. In addition, the obtained bulk superconductors aC80 by the above methods were usually in
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powder form. The above two were the problems émént in the bulk application of 60 superconductors.
Keeping this in viewJakeya, et.al hasynthesized superconducting fullerene nanowhiskers (C60NWSs) by
potassium (K) intercalation [31]They showed large superconducting volume fractions, as higg0%s The
superconducting transition temperature at 17 K was independent of the K content (x) in the range between 1.6
and 6.0 in Kloped C60 nanowhiskers (KxC60NWSs), while the superconducting volume fractions changed with
X. The highest shielding fractiaf a full shielding volume was observed in the material of K3.3C60NW by
heating at 200 °C. On the other hand, that of-ddped fullerene (KC60) crystal was less than 1%.

REFERENCES

[1] YNRG2 |1 ®2dX | SINIK [ &5 h Q. Bukkiifisterfullelenddatire 318z2NI wd Cd
162 (1985)

[2] Rao C.N.R., Seshadri R., Govindaraj A. and Sdtfullenes, nanatbes, onions and related carbon
structuresMater. Sci. Engn@5, 209 (1995)

[8] Fleming R.M., Kortran A. R., Hessen B., Siegrist T., Thiel F. A.,Marsh P., Haddon R. C., Tycko R., Dabbagh
G., Kaplan M. L., and Mujsce A. Mseudotenfold symmetry in pentarselvated G560 and C70, Phys.

RevB 44, 888 (1991)

[4] Degiorg L., Fullerenes and Carbon derivatives from insulators to Supercondécteasces in Physics
47, 207316 (1998)

[5] Fischer J.E.,Heiney P.A. and Smith A8&lid State Chemistry of FullereBased Mgerials, Accts .

Chem. Re®5, 112 (1992)

[6] Liu S., Lu Y.J..Kappes M.M., and Ibers J.A., The structure of the c60 moleplerystal structure
determination of a twin at 110 kScienc&54, 408 (1991)

[7] Heiney P.A., Fisher J.E, McGhieA.R., Romangvw¥nknstein A.M., McCauley J.P.,Smith A.B.,Cox D.E.,
Orientational ordering transition in soli@d0, Phys. Rev. Let66, 2911 (1991)

[8] Fischer J.E.,Heiney P.A., MaGhie A.R., Romanow W.J.,Denenstein A.M.,McCauleyJ.P., and Smith |.A.B.,
Compressibilityf solid c60Science&52, 1288 (1991)

[9] David W.L.F., Ibberson R.M., Matthewman J.C., Prassides K., Defigard J.P., Kroto H.W., Taylor
R. and Walton D.R.MCrystal structure and bonding of orderesb®lature 353, 147(1991)

[10] Newmann D.A.,Copy J.R.D.,Cappelletti,R.I.,Kamitakahara W.A, Lindstrom R.M, CreeganK.M., Cox
D.M.,Romanow W.J.,Coustel N., McCauley J.P.,Maliszewskyj Jr. N.C.,FischerJ.E. and Smith Ill A.B.,
Coherent quasielastic neutron scattering study of the rotational dynami€®@fn the orientationally
disordered phaseRhys. Rev. Letb.7, 3808 (1991)

[11] LiJ.Q., Zhao,Z.X., Zhu D.B., Gan Z.Z., and Yin D.L., Electron microscopyestégpbfRBys. Letb9,

3108 (1991)

[12] HaddonR.C., Electronic structure, conductivity and superconductivity of alkali metal doped (866),
Chem. Re®5(3), 127 (1992)

[13] Zhang F.C., Ogata M.,and Rice T.M., Attractive ictieraand superconductivity fa3G50 , Phys. Rev.
Lett.67, 3452(1991)

[14] Palstra T.T.M., Zhou O., lwasa Y., Sulewski P.E., Fleming R.M. and Zegdes¢tBoRi¢ Properties of
Metal Doped FulleridesSoiid State Comm~BR2,71 (1994)

[15] Zhou O., Fleming.R., Murphy D.W., Rosseinsky M.J., Ramirez A.P., van Dover R.B. and Haddon R.C.,
Increased transition temperature in superconducting@lsteo by intercalation of ammonidlature 362
, 433 (1993)

[16] Wang Y., Tomanek D., Bertsch G.F. and RuoflSRaSBiljity of G50 fullerite intercalation compounds,

Phys. ReutB47 , 6711(1993)

[17] Rosen A. and Wastberg ECalculations of the ionization thresholds and electron affinities of the
neutral, positively and negatively charged siatpm carbon molecule (C60)"follene-60"J Chem
Phys.90,2525 (1989)

[18] Hebard A.F., Rosseinsky M.J., Haddon R.C., Murphy D.W., Glarum S.H., Palstra T.T.M., Ramirez A.P. and
Kortan A. RSuperconductivity at 18 K in potassittoped Go, Nature 350,600 (1991)

[19] Holczer K.,Klein O S.,Huang K., Kaner R.B. , Fu K.J.,Whetten R.L., and Diederigtik&liF-ulleride
Superconductors: Synthesis, Composition, and Diamagnetic Shiefiirence52, 1154 (1991)

[20] Stephens P.W.Mihaly L., Lee P.L.,Whetten R.L.,Huang S.M., Kaner R.,DiedericitH&lezardK.,

Structure of single supercoducting@60,Nature351, 632(1991)

[21] Chen C.C., Kelty S.P. and Lieber GRIbxK1x)3C60 superconductors: Formation of a continuous series

of solid solutions,Science&53 , 886 (1991)

May—-June 2017 RJPBCS 8(3) Page N0.1052


https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=WYnzkIIAAAAJ&citation_for_view=WYnzkIIAAAAJ:zYLM7Y9cAGgC
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=WYnzkIIAAAAJ&citation_for_view=WYnzkIIAAAAJ:zYLM7Y9cAGgC
http://pubs.acs.org/author/Haddon%2C+R.+C.

ISSN: 0975-8585

[22] Fleming R.M.,Ramirez A.RagReinsky M.J., Murphy D.W.,Haddon R.C.,Zahurak S.M., and Makhija A.V.,
Relation of structure and superconducting transition temperaturessisdANature 352, 787 (1991)

[23] Lieber C.M.and Zhang Z. Physical Properties of Metal Doped Fullerene SupercangdSciat State
Physic48, 349 (1994)

[24] Tanigaki K. and Zhou O., Conductivity and Superconductivity in C60 Fullerides, Journal de Physique I,
EDPScience$ (12) , 2159 (1996)

[25] SchoEn J.H., Kloc Ch. And Batlogg B., Superconductivity at 52 kdopeal€60Nature, 408 ,549
(2000)

[26] Song L.W., Fredette K. T.,Chung D. D. L. and Kao Y. H., Superconductivity in intetbpkjen
fullerenes.Solid State CommuBi/, 387(1993)

[27] Dinnebier,R.E., Olle Gunnarsson, O., Brumm,H., Koch,E.,Stephens,P.W., Huq,M,J&tseture of
Haloform Intercalated C60 and Its Influence on Superconductive Propeg&asnce96, 109 (2002)

[28] Mohammad A. and Jyoti D.A., Superconductivity in Organic Materials: A Fascinating Phenomenon,
Research Journal of Chemical Scie@¢Ey), 67(2012)

[29] SchoEn J. H., Kloc Ch., Haddon R. C. and Batlogg B., A superconduetifigdiedditch Science288,

656 (2000)

[30] SchoEn J. H., Kloc Ch. And Batlogg B. Superconductivity in molecular crystals induced by charge
injection.Nature406, 7042000)

[31] Takeya H., Miyazawa K., Kato R.,Wakahara T.,0zaki T., Okazaki H.,Yamaguchi T. and Takano Y.,
Superconducting Fullerene Nanowhiskévimleculesl7, 4851(2012)

[32] IwasaY., Superconductivity: Revelations of the fullerendsture, 466,191(2010)

[33] Zadik R.H., Takabayashi Y.J8l D®>/ 2t YI' Yy wodl X DFYyAYy | &, &% t2026
Kamaras K., Kasahara Y., lwasa Y., Fitch A.N., Ohishi Y. Garbarino G., Kato K, Rosseinsky M.J. and
Prassides K., "Optimized Unconventional Superconductivity in a MoleculaTéden Metal”,Science
Advanced, article number: e1500059 (2015)

[34] Haddon R.CHebard A.F. , Rosseinsky M.J. ,Murphy D.W., Duclos S.J.,Lyons K.B., Miller B., Rosmilla
J.M.,Fleming R.M., Kortan A.R. Glarum S.H.,Makhija A.V., Mullar,A.J., R.H. Ealkurkk ,S.M.,Tycko
R.,Dabbah G. and Thiel F.8gnducting films of dgand Go by alkalimetal doping, Nature 350, 320
(1991)

[35] Arthur F. H., Superconductivity in doped fullereri®sysics Toda36 (1992)

[36] See O., Zhou G. B., M. Vaughan M., ZhuF@cher J.E., Heiney P.A., Coustel N., J. P. McCauley J.P.,
Smith A.B.,Compressibility of MG Fullerene Superconductors: Relation Betwe@&nhand Lattice
Parameter Science55, 833 (1992)

May—-June 2017 RJPBCS 8(3) Page N0.1053


file:///C:/Users/Dr.%20Ajay%20kumar/Desktop/Fullerene/Fullerene%20-%20Super%20conductivity-1/Superconductivity%20%20Revelations%20of%20the%20fullerenes%20%20%20Nature%20%20%20Nature%20Research.htm%23auth-1

