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Condensed phases of all-pentagon Jgcages as possible superconductors
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C,, cages consisting only of pentagons have been synthesized in a gas[phdenzbachet al,, Nature
(London, 407, 60 (2000]. By performing first-principles calculations, we have found that thgdages can
form condensed phases in several dimensions. The most stable phase among the investigated ones is a simple-
cubic-like (SCL) phase, which shows a metallic property. Meanwhile, a metastable one-dimensionalljihase
chain is found to be a semiconductor. The computed band structure of a 1D chain shows high density of states
near the Fermi level compared to the SCL phase, which is a promising sign of superconductivity under carrier

doping.
DOI: 10.1103/PhysRevB.63.161401 PACS nuni§er61.48:+c, 71.20.Tx, 74.70.Wz
Doped fullerenes (£, Cro, and Gy, etc) are supercon- By performing the first-principles total-energy and band-

ductors with transition temperature${s) of the order of a ~ structure calculations, we have found that twg €ages can
few tens of kelvins. Such higlic’s are partly due to a high Make a dimer as shown in Fig(a), in which two C-C bonds
density of state(DOS) at the Fermi level Ez) under &€ formed at the cage-cage junction. We call this dimer a

doping? and due to the strong electron-phonon coupling condouble-bonded dimer. From this dimer structure, one can
. easily imagine the formation of the chain structure as shown
stant V..,). The recent discovery of & fullereneg and the

. . X ficatichh in Fig. 1b) and the two-dimensional network that is as-
improvement in their purificatiorhave attracted much atten- sembled by condensing the one-dimensional chains in paral-

tion to smaller fullerene superconductors. A density funcqg| grientation, and the three-dimensional network as shown
tional study of possible solid phases of¢@Ref. 4 showed in Fig. 1(c), which is a simple-cubic-lik¢SCL) lattice of

that Na atoms are good candidates of donors. Meanwhil&louble-bonded & cages. The SCL phase has the highest
Ve, Was found to increase when a diameter of a fullereneohesive energy among the investigated phases, and the
decrease3The origin of the largeW.., in smaller fullerenes computed energy band structure indicates that this phase is a
is stronger localization ofr electrons. Because of this fact, metal. Meanwhile, a chain structutee call this a double-

the doped solid G is expected to have a high®g than that  bonded chain shows semiconducting property and has a
of alkali-doped Gy. high DOS nealEg compared to the SCL phase. From this

fact, it is expected that high DOS Bt is realized by carrier

I fuIIergnes smaller t_han 4 can be synth_eS|zed to form doping into the chain, and thus the chain is likely to show
stable solid phasesl¢ is expected to be increased. The superconductivity

smallest fullerene is a 45 cage only with pentagons. There  The present calculations were performed within the den-
are other isomers of 45, such as a ring and a bowl. Theo- sijty functional theory using the local density approximation
retical investigatiorfsshowed that the computed relative sta- (LDA) and the pseudopotentialBP’s. (Calculations based
bilities of these G, isomers are dependent on treatments ofon various methods, for example, the Hartree-Fock, LDA,
the many-body effect. So, the most stable structure amongnd GGA, gave contradicting results on the stability gf C
these G, isomers is still under debate. Recently, Prinzbachisomers’ but we believe this fact should not affect the com-
et al” succeeded to synthesize the,Cages by starting with Puted condensed phases of the, Cages. The Perdew-

the stable gyH,q molecules, i.e., the £ cages with each C Zunger iraterpolatio?l fit.ted to the Ceperley-AIde(
atom terminatedpa H atom. An experimental evidence of calculatiot® was adopted in taking the exchange-correlation
) ergy of electrons into account. In some cases, the general-

Fhe cage shape is a measured photoelectron spectrum, whiﬁ%d gradient approximatiofGGA) with use of the Perdew

is far different from those of a ring and a bo@vAgregment and Wang functionadl was also used, to ensure the validity
between.ex_penmental data and theoretical calculano_ns of thef the LDA. (We note here that the application of GGA was
photoemission spectrum of the cage has been confirmed byt for a case of formation of the double-bonded dimer but
us® By the analogy with large fullerenes{cages are ex- for a case of a single-bonded dimer, which will appear later.
pected to form condensed phases, so it is worth exploringnteractions between ions and valence electrons were ex-
possible condensed phases gf €ages by performing first- pressed by soft PP'@Ref. 12 with a separable fornt The
principles calculations prior to further experimental works.s-orbital component was used for the nonlocal part. The
The plane-wave basis set with a kinetic cutoff energy of 40 Ry
question is whether the condensed phases have high DOfas used to express valence electrons. In the present band-
near Er like other solid fullerenes, which can be structure calculations, we used periodic boundary conditions
superconductors. which separate nonbonding cages by around 4 A. Although
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FIG. 2. (a) A SCL phase of ¢;, whose lattice constant and
FIG. 1. Possible condensed phases gf €ges.(a) A dimer atomic coqrdinates were optimized to minimize the tc_)tal endiny.

optimized to minimize the total energy. Numbers show C-C bondThe gssomated energy-band structure_ and the der_15|ty _of st_ates. The

lengths in units of A(b) A one-dimensional chain, whose atomic notations oM, R, T', andX mean the high symmetric points in the

coordinates and the period along the chain axis were optimized t§rst Brillouin zone of the simple cubicM =(1,1,0), R=(1,1,D,

minimize the total energy(c) Atomic structure of a SCL phase, 1 =(0,0,0), andX=(1,0,0) in unit ofw/a wherea is the optimized

whose atomic coordinates were optimized while its lattice constanfttice constant of 5.36 A.

was set 3% shorter than the period of the chain show()in

SCL phase lacks the ,Csymmetry along with one of the

. . . ... three principal axes. When the lattice constant of the SCL
this separation does not affect the energetics of dimerization . -
hase was also optimized to reach the minimum of the total

and <_:ha|n formation, tiny d|spers_|ons_ n the_ energy band_ nergy, the internal atomic coordinates finally relaxed to a
remain because of the wave functlon_mteractl_on through th'}t;nfiguration as shown in Fig.(@, in which the G, cages
_d|stance. T(_) prevent this, the separation was increased to 6 e opened. The optimum lattice constant is 5.36 A, which is
in computing the band structure and DOS of the o, gmalier than that shown in Fig(cl. According to the
1D gham. computed cohesive energies of several condensed phases of
_First of all, we show that two neutralagcages can be ¢, cages, listed in Table I, the SCL phase is the most stable
dimerized forming two C-C bonds at the junction. Figure among the investigated phases. Figufie) Zhows band dis-
1 (a) shows the optimized geometry of the dimer. A signifi- persion along high symmetric lines in the first Brillouin zone
cant feature of this dimer is a variation in bond lengths andBz) of the SCL phase and the corresponding DQ%ere
angles. As indicated in Fig.(8), the C-C bond lengths vary the standard linear tetrahedron scheme was used to obtain the
from 1.5 to 1.6 A at the junction, while the lengths of C-C DOS. Seventy-six irreducibli points, which correspond to
bonds away from the junction are around 1.4 A. Small bondL726 k points in the whole BZ, were us@dThe computed
angles of 90° are seen at the junction, similar to those alband structure and DOS show that the SCL phase is a metal.
junctions of polymerized g fullerenest*'® We have not As far as we know, this is the first example of metal fullerene
calculated the activation barrier for forming the double-With neither dopantsnor external pressuré.in the case of
bonded dimer from isolated gcages, but it is expected that the polymerized g fullerenes, the fullerene chains prefer to
this dimer formation occurs easily like a case of photopoly-form the orthorhombic phase:*’ From this fact, it can be
merized G, fullerened* and a case of alkali-doped speculated that the present SCL phase of tb@fmlereng .
polyfullerenes® This geometrical feature at the cage-cage™ay not be the most stable phase. Further investigation is
junction also appears when the double-bonded dimer evolvdgerefore necessary to explore the most stable three-
into a double-bonded chain, as seen in Figy)1This chain ~dimensional condensation oh¢fullerenes. .
structure was determined by optimizing both of internal On the other hand, we also explored the electronic prop-
. . . . . erty of the metastable double-bonded chain whose electronic
atomic coordinates and the period along the chain axis.

At junctions of the chain, the coordination numbers of C TABLE I C . . )

. : . . Cohesive energies of condenseg,Cages, obtained
atoms are four. Wh"? other C atomg apart from the JunCt'orby the LDA total energy calculations. Each value, in units of eV per
are three-hold coordinated. The chain therefore can bond a¢, | \vas obtained by subtracting a total-energy of a condensgd C
ditional CZO cages forming tWO-dimenSional, and fina”y, cages from that of an isolated cage.
three-dimensional phases. One possible three-dimensional
phase is a SCL phase, as shown in Fi¢c).1A structure  Structure Cohesive energy
shown in Fig. 1c) was actually determined by performing
the geometry optimization under a fixed lattice constan

Single-bonded dimer 1.38

which is 3% smaller than the period of the 1D chain.S;uTlel;bZZdzd ilr?sr i'gé
Twenty-four symmetry operations keep the SCL phase in: Osz t?on('jeedccr?ain 4'25
variant. This number of the symmetry operations is half tha i 8 5'6

of thetrue simple cubic lattice, which is because the presenfgCL
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shown in the rightmost inset of Fig(I®; We have computed
the total energies of an array of the single-bonded dimers by
changing the interdimer distances under the periodic bound-
ary conditions, and observed a presence of a tinny barrier of
10 meV per G, before the dimer array becomes to a single-
bonded chain. If the GGA calculation is performed, the com-
puted barrier may be higher but cannot be in the different
order of magnitudes. Similar to the double-bonded chain,
there are high peaks of DOS nda¢, originating from very
localized 7 electrons on each cage; see the contour maps in
DOS ataten vy the inset of Fig. ).

(a) spin/Cy) (b) spin/Cy) From the computed electronic structures of the several
condensed & cages, we discuss the possibility of the super-

FIG. 3. (@) Band structure and the DOS of the double-bonded .,y tivity “In the SCL phase, the computed heights of the
chain. Atomic structure is shown on the rightmost inset, while the .

POS peaks aEg are close to that of the alkali-doped;C

charge contour maps of the HO and the LU bands are shown in th & i i
leftmost and middle insets, respectivelp) Band structure and the fullerene under normalization with respect to the number of

DOS of the single-bonded chain. Atomic structure is shown on thé> atoms. However, the breakage of the cage structure may

rightmost inset, while the charge contour maps of the HO and thégesult in smallV,., compared to that of £ fullerenes. The

LU bands are shown in the leftmost and middle insets,SCL phase of the £ cages might be a superconductor, but it

respectively. is unlikely that theT is higher than those of & fullerene
superconductors.

property is different from that of the SCL phase. As men- On the other hand, both of single-bonded and double
tioned before, the structure of the double-bonded chain waonded chains show semiconducting properties, so either
determined by optimizing the internal atomic coordinateselectrons or holes must be injected to obtain high DOS at
and the period of the chain to reach the total energy miniEg. Since the cage structures in these chains are preserved,
mum. [As shown in Fig. 1b), the cage structure was pre- strongVe_p,5 and therefore, higifc compared to those in
served contrary to the SCL lattice of Fig@2] Figure 3a)  the SCL phase are expected. Recently, external electrical
shows the calculated energy-band structure and DOS of thiield has been used to inject carriers in films of polyacene
chain!® The band structure shows a semiconducting propand fullerené? If this method is used, carrier injection in
erty. The width of the highest occupi¢dO) band is around  single-bonded chain is rather easy because of its small band
0.2 eV, while that of the lowest unoccupietU) band is  gap compared to that of the double-bonded chain. However,
arpund 0.6 eV. Both of HO a_nd LU bands are associatetg/e should avoid energy-gap opening due to Peierls-type lat-
with 7 electrons, whose amph;ude_s are localized on eaclce distortion. Actually, we found energy-gap opening in the
cage and are away from the junction, see charge contoyang structure of the single-bonded chain: the gap of 0.1 eV
maps in the leftmost and middle insets of Figa)3 These appears when we use double-size unit cell and inject a single

localized characteristics are due to the fa(;t thatﬂrhelec- electron(or hole per G,. Therefore, theEr should be de-
trons do not prefer to sit on the four-coordinated sites at the, i1 0 avoid the energy-gap opening

cage-cage junction. This fact causes low transfer probability Compared to the SCL phase, both single-bonded and

of electrons from one cage to its neighbors, and thus resu“&ouble-bonded chains are less stable. see Table | But we

in small dispersions of the HO and LU bands. By injecting . ; . .
carriers, the location oEx can be shifted close to peaks of expect that these chains are fabricated in porous materials as

the DOS originating from LU and HO bands. in the boron nitride nanotube, and zeolite, whose band gaps

Furthermore, we point out another possible way of the2'® SO wide as to retain the original electronic property of the
formation of a G, dimer and a 1D chain, which have one chains. Recently, nanotubes with a diametérdoA were
C-C bond per cage-cage junction. We call these the singldound to be synthesized inside zeofifeSince the diameter
bonded dimer and chain. Since it was difficult to consider &°f the G cage is in the similar order, the,gchain is ex-
higher-dimensional single-bonded network due to a geoPected to be synthesized in the same manner.
metrical property of the & cages, we focus on the 1D chain.  In summary, we have investigated possible superconduct-
As seen in Table I, the cohesive energies of the singleing phases of the recently discoveregh Cages by perform-
bonded dimer and chain are less than a half of those of thimg the first-principles calculations. The most stable con-
double-bonded dimer and chain, respectively. But we expedlensed phase is a SCL phase of thg €age, but thél ¢ of
that the formation of the single-bonded dimer and chain ighis phase is unlikely to be higher than those @f Super-
possible, although they may be the minority. We found thattonductors. Two types of 51D chains were found to have
an upper bound of an activation barrier for formation of thea high DOS neaEg, and thus to be candidates for super-
single-bonded dimer is 0.4 eV by performing LDA total en- conductors under carrier injection. Since the structure
ergy calculations, while the corresponding value became 0.8f the G, cages is preserved in these chains, strdfag
eV when GGA was applied. Once single-bonded dimers aras well as high Tc compared to those of & are
formed, these dimers can evolve to a single-bonded chain axpected.
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