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Electronic structure and energetics of pressure-induced two-dimensional C60 polymers
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We report on the electronic structure and energetic stabilities of two-dimensional C60 polymers, in both
tetragonal and rhombohedral phases, studied by using the local-density approximation in the framework of the
density-functional theory. Owing to hybrid networks ofsp2-like ~threefold coordinated! andsp3-like ~fourfold
coordinated! carbon atoms, the electronic structure of these phases is considerably different from that of
face-centered-cubic~fcc! C60. Both systems are found to be elemental semiconductors having small indirect
gaps. Furthermore, since the interlayer distance between adjacent polymerized planes for both phases is small,
these systems are found to have three-dimensional electronic structures. From structural optimizations under
the experimental lattice parameters, we reveal energetic high stabilities of these phases. In particular, the
tetragonal phase is found to be considerably more stable in energy than the fcc phase. Its high stability is
caused by the formation of intercluster bonds whose energy gain is larger than the energy loss due to the
distortion of the carbon networks of C60 units upon polymerization.@S0163-1829~99!04603-2#
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I. INTRODUCTION

Following the macroscopic production of C60 and other
fullerenes, there have been many experimental and theo
cal studies on this form of carbon.1–3 Although C60 and other
fullerenes consist ofsp2 carbon atoms, fullerenes have
zero-dimensional C-C network which is different from di
mond ~three-dimensional network! and graphite ~two-
dimensional network!. This is the reason why fullerenes a
classified as a form of carbon. Since fullerenes have a m
erate chemical reactivity, various new carbon network ma
rials derived from fullerenes have been synthesized and s
ied intensively.4–7 In the case of solid C60 phases, C60
clusters behave as weakly interacting spheres and pla
atomlike role to form a face-centered-cubic~fcc! lattice. The
electronic structure of the solid C60 is different from that of
metallic graphite and insulating diamond.8 The band struc-
ture of solid C60 is semiconducting, and corresponds to t
electronic structure of the C60 cluster.8 Hence the cohesive
mechanism between the clusters is considered to be via
der Waals interaction.

In the last five years, several crystalline phases posses
two- or one-dimensional infinite carbon networks have be
synthesized from solid C60.9–13 This family of crystalline
phases is called fullerene polymers or C60 polymers. In con-
trast to the fcc C60 phase, C60 polymers have covalent bond
between adjacent clusters. The existence of interclu
bonds causes the distortion of C60 clusters from a truncated
icosahedron which may induce drastic changes of phys
properties of the system. First, Raoet al. reported the poly-
merization of C60 by exposing solid C60 to light.9 However,
their structure has not yet been identified. On the other ha
at room temperatures or lower,AC60 (A5K, Rb, or Cs! is
found to form a one-dimensionally polymerized pha
~orthorhombic phase! in which polymerization is generate
along the~110! direction of the fcc lattice.10 In addition, an
PRB 590163-1829/99/59~3!/1930~7!/$15.00
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external pressure applied to solid C60 at high temperatures
has been found to induce polymerization of C60 to give three
distinct phases~orthorhombic, tetragonal, and rhombohed
phases!.11–13 These crystalline phases of pristine C60 poly-
mers have been identified by several experimental pro
dures so far. It should be mentioned that the polymerizat
is attained via formation of the four-membered ring or@212#
cycloaddition of ‘‘66’’ bonds, which is the adjoining edg
between two six-membered rings in C60. Although the ob-
tained orthorhombic phase is formed by a C60-based one-
dimensional chain similar to that ofA1C60,10 rhombohedral
and tetragonal phases were found to have two-dimension
polymerized layers in which the C60 clusters form triangular
and square lattice respectively~Fig. 1!. These phases can b
classified as a form of crystalline carbon consisting of b
sp2-like ~threefold coordinated! andsp3-like ~fourfold coor-
dinated! C atoms.14–16 A characteristic of this synthetic pro
cedure is that one can control the obtained polymeri
phases by tuning the pressure and temperature.17,18 The
orthorhombic phase is synthesized in a lower-tempera
region. On the other hand, the two-dimensionally polym
ized phases are obtained under high-temperature condit
Among two-dimensional C60 polymers, the rhombohedra
phase is found to be the majority phase, and the tetrag
phase appears only as a subphase in the lower pressur
gion.

In a previous paper, we reported on the electronic str
ture of the rhombohedral phase obtained by using dens
functional theory.19 In the present paper we report on th
electronic structure of the tetragonal phase including the
fect of the stacking structure, and this is compared to tha
the rhombohedral phase. Since the systems attract muc
terest not only as crystalline carbon systems but also h
materials for various kinds of intercalants,20 it should be im-
portant to study their energetic stabilities as well as th
electronic structure. In order to reveal the electronic str
1930 ©1999 The American Physical Society
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FIG. 1. Geometric structure of two-dimensional C60 polymer phases.~a! Rhombohedral phase~b! tetragonal phase.
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ture, we use density-functional theory under the geomet
giving an excellent agreement with the x-ray-diffraction p
tern reported by Nu´ñez-Regueiro et al.12 and Xu and
Scuseria21. Next, we perform the geometry optimization fo
these phases under observed lattice parameters, and di
the detailed energetics of these layered solid carbon syst

This paper is organized as follows. In Sec. II, the comp
tational method used in this work is given. Results and d
cussions are given in Sec. III. We conclude the paper in S
IV.

II. COMPUTATIONAL METHODS

In the present work, the electronic and geometric str
tures have been studied by using the local-density appr
mation ~LDA ! in the density-functional theory.22,23 To ex-
press the exchange-correlation potential of electrons, we
a functional form fitted to the Ceperley-Alder result.24,25 A
norm-conserving pseudopotential generated by using
Troullier-Martins scheme is adopted to describe the electr
ion interaction.26 In constructing the pseudopotential, th
core radii adopted for C 2s and 2p states are both 1.5 boh
The valence wave functions are expanded by plane-wave
sis sets with a cutoff energy of 50 Ry, which gives enou
convergence of the total energy to discuss the relative sta
ity of various carbon phases.26,27 We adopt the conjugate
gradient procedure both for the self-consistent electro
structure calculation and geometric optimization28

Furthermore, we use the supercell procedure for total-ene
calculations of single sheets of polymerized C60 and isolated
C60 units, with the distortion formed in the rhombohedral a
tetragonal phases.

III. RESULTS AND DISCUSSIONS

A. Electronic structure

The geometric structure of the rhombohedral phase
shown in Fig. 1~a!. C60 clusters form a triangular lattice in
each layer, and these layers are stacked along thec-axis di-
rection inABCABC. . . order. The space group of the sy
tem isR3̄m. Owing to the polymerization, each C60 cluster
s
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is distorted fromI h symmetry and connected to adjacen
clusters via 12sp3-like carbons. Hence, the system possess
48 sp2-like and 12sp3-like carbon atoms. The lattice param
eters observed in the experiment area59.19 Å and c
524.5 Å in the hexagonal representation. Then the inte
layer distance isc/3.

The electronic band structure of the rhombohedral pha
is shown in Fig. 2. There are several important features in t
band structure different from these of the fcc C60 phase. A
fundamental gap between the top of the valence bandZ
point! and the bottom of the conduction band (F point! is
found to be 0.35 eV. This value is considerably smaller th
that of the fcc C60 phase~1.06 eV! obtained by using the
same computational procedure. Furthermore, the value d
not approach that of diamond, in spite of the presence of t
12 sp3-like atoms. Although the LDA generally underesti
mates the energy gap between these band extremes, the
ference between the band gaps of the rhombohedral and
phases should be reliable. It is well known that each ener
band of the fcc C60 phase corresponds with one of the energ
levels of the C60 molecule. However, in the case of the rhom
bohedral phase, the band structure of the phase is consi
ably different from that of the fcc phase and we cannot o
serve such a correspondence. The lowest branch of
conduction band of the rhombohedral phase is separa

FIG. 2. Band structure of the two-dimensionally polymerize
rhombohedral C60. The energy is measured from the top of th
valence band at theZ point. Symmetry points and lines in the first
Brillouin zone of the rhombohedral lattice are also given~Ref. 19!.
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FIG. 3. ~a! Band structure of the two-dimensionally polymerized tetragonal C60. The energy is measured from the top of the valenc
band at theX point. ~b! Density of states of tetragonal C60. Symmetry points and lines in the first Brillouin zone of the orthorhomb
body-centered lattice are also given.
e
r,
a
d

na

l.
a

th
tiv

re

n

Fi
th

-

o

al
is

n
en
th
fc
du
f t
nd

se,
f the

and
ork
o-
C
to
ly-

se.
s
s

he-
fcc

fcc
on-

ve
from higher conduction-band states. In addition, band disp
sions are larger than those of the fcc phase. In particula
large band dispersion is observed in a deep valence-b
region corresponding tos-electron states, and is cause
mainly by the formation of intercluster bonds.

Although the system has a stacking two-dimensio
structure, a rather large band dispersion along theL line
shows that the system is electronically three dimensiona
fact, inverse effective mass tensor values for directions p
allel and perpendicular to the polymerization plane are of
same order for both holes and electrons. The effec
masses at the bottom of the conduction band~electron
masses! obtained by the diagonalization of the tensor a
0.2me ,0.7me , and 0.9me (me is the bare electron mass!. On
the other hand, the effective masses at the top of the vale
band~hole masses! are 0.5me ,0.6me , and 1.8me .

We now pay attention to the other two-dimensional C60

polymer phase, i.e., the tetragonal phase. As shown in
1~b!, C60 clusters form a square lattice in each layer, and
space group of this system isImmm ~body-centered-
orthorhombic!. However, the lattice parameters area5b
59.09 Å andc514.95 Å, and this phase is called the ‘‘te
tragonal phase’’ owing to the equivalence ofa andb values.
The electronic structure obtained for this phase is also c
siderably different from that of the fcc phase.

In Fig. 3~a!, the energy-band structure of the tetragon
phase C60 polymer is shown. The top of the valence band
found to be at theX point, and the bottom of the conductio
band is on theS line. The fundamental energy gap betwe
these band extremes is 0.72 eV. This value is larger than
of the rhombohedral phase but smaller than that of the
C60 phase. The rather separated lowest branch of the con
tion band is also observed in this phase as in the case o
rhombohedral phase.19 Furthermore, since the valence-ba
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structure is considerably different from that of the fcc pha
each band of the phase does not correspond with that o
fcc phase.

The characteristics observed in the lower conduction b
and the higher valence band must depend on the netw
topology ofp-electron systems. In the case of the rhomb
hedral phase, only 48 C atoms out of 60 atoms in each60
possess thep state. In addition, these atoms are divided in
two equivalent 24-atom groups above and below the po
merized plane@Fig 4~a!#. Hence thep-electron states of the
phase are regarded like those of the C24 cluster which forms
a triangular lattice above~below! the polymerized plane. A
similar interpretation is considered for the tetragonal pha
In the case of a tetragonal C60 polymer, 52 C atoms posses
p states in each C60. Therefore, the constituent unit of thi
system concerningp states is found to be a hollow-cage C52
havingD2h symmetry@Fig. 4~b!#. Hence it is natural that the
band structure around the fundamental gap in the rhombo
dral and tetragonal phases is different from that of the
phase.

A band dispersion is generally larger than that of the
C60, and all the unoccupied states form one continuous c

FIG. 4. Schematic geometric structure ofp-electron systems.
~a! The C24 bowl-shaped clusters forming a triangular lattice abo
and below polymerized planes in the rhombohedral phase.~b! C52

units forming a square lattice in the tetragonal phase.
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duction band. In particular, owing to the polymerization,
large band dispersion alongS andD lines corresponding to
polymerized directions is clearly observed in lower-ene
states, i.e., ins states. In addition, a rather clear band d
persion forp states along theL line shows that the tetrago
nal phase is electronically a three-dimensional system, a
the case of a rhombohedral phase. Effective masses a
bottom of the conduction band are 1.2me ,0.4me , and
1.1me . Also the effective masses of the top of the valen
band are 0.5me ,0.5me , and 0.8me . From the density of
states~DOS! obtained@Fig. 3~b!#, we may be able to desig
several conducting materials with metal atoms doped into
interstitial sites, such as alkali or alkaline-earth metal-dop
rhombohedral C60 polymers.29

In Fig. 5, the valence-electron densities of the tetrago
phase are shown. It is evident that there is as much charg
intercluster C1-C1 bonds as inintracluster C1-C1 bonds.
There are nine inequivalent atoms in the tetragonal phase
are identified as C1–C9 in Fig. 1~b!. The electron density
clearly indicates that carbon atoms connecting adjacent c
ters are actually fourfold-coordinated atoms as in the cas
diamond. However, bond angles associated with th
fourfold-coordinated atoms are considerably different fro

FIG. 5. Contour map of the valence-electron densities of
tetragonal C60 polymer on the~a! (001) and~b! (010) planes. The
difference between each neighbor contour is 0.021 052 7 a.u.
projected C-C network on the~001! plane is also shown in~a!, and
the electron-density distribution corresponding to the C4 rings with
the intercluster bonds is apparent.
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the idealsp3 hybridization angle of 109.47 °. Bond angles
the sp3-like atoms, under the fully optimized geometr
~Table I! to be mentioned in detail in Sec. III B, ar
uC4C1C185118.84 °, uC4C1C4599.84 °, uC4C1C15115.25 °,
uC1C1C18590.00 °, uC5C3C385118.36 °, uC5C3C35114.76 °,
uC3C3C38590.00 °, anduC5C3C55101.42 °, where C18 and
C38 are the C1 and C3 atoms in the adjacent cluster@Fig.
1~b!#. Since we assume aD2h symmetry for this calculation,
uC1C1C18 anduC3C3C38 must be 90.00 °. The strength of the
intercluster bonds~C1-C1 and C3-C3! estimated as the en
ergy gain upon the bond formation by using the Ters
potential,30,31 is about 1.5 eV per bond, which is smaller tha
that of the ideal value for diamond by about 2.1 eV per bo
Suchsp3-like carbon atoms also exist in the rhombohed
phase. In sharp contrast to the above intercluster interac
within a polymerized layer, there is no sizable charge den
in an interlayer region. Hence the cohesion between layer
two-dimensional C60 polymers is considered to be via a va
der Waals interaction similar to that of graphite.

Next we consider the effect of the stacking disorder
two-dimensional~100! planes mentioned by Nu´ñez-Regueiro
et al.12 under the reported lattice parameters (a5b
59.09 Å). We calculate the DOS by using the generaliz
tight-binding ~TB! model32 to estimate the effect of the
stacking difference. Since the TB model used in the pres
works takes account of not only the transfer but also
overlap matrix elements, the band structure of bondings
states, bondingp states, and antibondingp states are ex-
pected to be reliable.33 In Fig. 6, we show DOS’s for two

e

he

TABLE I. Optimized atomic coordinations of the tetragon
phase under the reported lattice parameters. Atomic indices
given in Fig. 1~b!.

C1 0.41215 0.08838 0.00000
C2 0.24971 0.28357 0.04853
C3 0.00000 0.41288 0.05256
C4 0.33217 0.15912 0.07715
C5 0.12836 0.33410 0.09479
C6 0.28343 0.08007 0.14952
C7 0.07895 0.25117 0.16837
C8 0.15511 0.12707 0.19583
C9 0.07586 0.00000 0.22438
FIG. 6. ~a! DOS of the ‘‘tetragonal’’ ~orthorhombic! AAAA . . . stacking structure, and~b! the DOS of the tetragonalABAB . . .
stacking structure obtained by using the generalized tight-binding model.



r-
tia
ct
he
er

c
s
th
en
m
e
le
th

b
s
e

n

r
th
pe

, t
if

al

the
e

d
m-

ti-
nd

s,

b-
d
f

of
is

he
ex-
g-
yer

the
-
e
be-
ter-
-
ed
ined
ter-
gle

not
e.

e to

ted
oth
the

y
be
ral
ster

re-
te-
he-

per
tem

f
-

l
e

rg
ll
ur
un

e
.
na

1934 PRB 59SUSUMU OKADA AND SUSUMU SAITO
different stacking structures, i.e., ‘‘tetragonal’’~orthorhom-
bic symmetry! AAAA . . . and tetragonalABAB . . . stack-
ing structures. Although there is a little quantitative diffe
ence between two DOS’s, we can regard them as essen
the same DOS profile. Hence we can expect that chara
istics of the electronic structure obtained by the LDA for t
AAAA . . . stacking in this work is also present in oth
stacking geometries.

B. Energetics

In this subsection, we study the structural parameters
the rhombohedral and tetragonal phases, and we also dis
the origin of the high stability found for the polymer phase
The structural optimization has been performed by using
conjugate-gradient method in the LDA under the experim
tally reported lattice parameters, with a tight-binding geo
etry as an initial structure.12,21Total energies per atom of th
optimized geometries for these phases are listed in Tab
together with those of the initial geometries and that of
fcc phase.

In the case of the rhombohedral phase, the difference
tween the energies of the optimized and initial geometrie
very small. Furthermore, the relaxation from the initial g
ometry is also small. The diameter of a C60 unit along thec
axis decreases by only 0.08 Å, while the extension alo
other axes are even smaller. The small reduction should
caused by the stacking effect. Furthermore, the total ene
of the rhombohedral phase is found to be very close to
of the fcc phase, and their difference is only 0.001 eV
atom.

On the other hand, in the case of the tetragonal phase
optimized atomic coordinates listed in Table I are rather d

TABLE II. Total energies per atom of fcc C60, the polymerized
rhombohedral C60, the polymerized tetragonal C60, a single sheet
of rhombohedral polymer (R sheet!, a single sheet of tetragona
polymer (T sheet!, a distorted C60 unit of the rhombohedral phas
(R unit!, and a distorted C60 unit of the tetragonal phase (T unit!
obtained by the LDA. Energies are measured from the total ene
of graphite. In the rhombohedral and tetragonal phases, as we
the fcc phase, geometries are fully optimized under the meas
lattice constants. For the polymerized sheet and the distorted
calculations (R sheet,T sheet,R unit, andT unit!, atoms are fixed at
the same position as in the geometries optimized under experim
tal lattice parameters, and the supercell calculation is adopted
addition, the LDA total energies of rhombohedral and tetrago
phases under the initial geometries~Ref. 21! are also given.

Total energy~eV!

R unit 0.6033
R sheet 0.4357
rhombohedral~optimized geometry! 0.4286
rhombohedral~initial geometry! 0.4407

T unit 0.5280
T sheet 0.4135
tetragonal~optimized geometry! 0.4059
tetragonal~initial geometry! 0.4226

fcc 0.4274
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ferent from these in the initial geometry. The geometric
relaxation obtained is the compression of the C60 unit along
the c axis, and the extension along other axes similar to
rhombohedral phase. However, the extension along tha
axis is smaller than that along theb axis. Intercluster C-C
bond lengths both along thea axis, i.e., the C1-C1 bond, an
along theb axis, i.e., the C3-C3 bond, are decreased co
pared with that of the initial geometry (1.64 Å). The op
mized bond lengths are 1.597 Å for C1-C1 bonds a
1.584 Å for C3-C3 bonds.

As a result of this inequality in intercluster bond length
the lattice parameter values alonga and b axes should be
slightly different from one another as expected from the o
servedImmm~orthorhombic! symmetry. Under the reporte
lattice parametersa5b, either the alternative stacking o
90 °-rotated polymerized planes (ABAB . . . , thetetragonal
stacking! or a stacking disorder ofA andB planes is expected
to be present in the tetragonal C60 polymer.

The total energy per atom for the optimized geometry
the tetragonal phase is listed in Table II. The total energy
found to be considerably lower than that of not only t
rhombohedral phase but also the fcc phase. In order to
amine the origin of the energetic high stability of the tetra
onal phase, we first estimate the strength of the interla
interaction~van der Waals interaction! EvdW

inter . We also show
the total energies of an isolated polymerized plane of
tetragonal phase (T sheet! together with that of the rhombo
hedral phase (R sheet! in Table II. In these calculations, w
use a supercell procedure in which interlayer distances
tween adjacent layers are long enough to eliminate the in
layer interaction~12 and 10 Å forR and T sheets, respec
tively!, and atoms in each layer are fixed to the optimiz
positions under the reported lattice parameters. The obta
energy value is 0.4134 eV, and the magnitude of the in
layer interaction is 0.008 eV. The total energy of the sin
tetragonal sheet itself is lower than that of the fcc C60 and
rhombohedral phases. Hence the interlayer interaction is
the main origin of the high stability of the tetragonal phas
It should be noted that the interlayer interactions per C60-C60
pair for both tetragonal and rhombohedral phases are clos
each other~0.142 and 0.114 eV, respectively!.

Furthermore, we also study the total energies of distor
C60 units disconnected from the adjacent clusters for b
polymerized phases to calculate the energy gain due to
formation of intercluster bonds~Table II!. The total energy
of the distorted C60 unit of the tetragonal phase obtained b
using the supercell procedure in the LDA is found to
lower than that of the distorted unit of the rhombohed
phase. On the other hand, since eight and 12 interclu
bonds exist in the tetragonal and rhombohedral phases
spectively, the energy gain due to polymerization in the
tragonal phase should be smaller than that in the rhombo
dral phase. In order to estimate of the energy gain
intercluster bond, we consider the total energy of the sys
to be the sum of following four terms:

Etot5Eunit1EvdW
inter1EvdW

intra1EC-C,

whereEunit ,EvdW
inter ,EvdW

intra , andEC-C are the total energy o
the distorted C60 unit, the interlayer van der Waals interac
tion energy as mentioned above, theintralayer van der
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Waals interaction energy, and intercluster C-C bond form
tion energy, respectively. Since the LDA can give only t
sum ofEvdW

intra andEC-C, we assumeEvdW
intra to be equal to the

average ofEvdW
inter for both phases~0.13 eV!. Roughly esti-

mated values of the energy gain upon the intercluster-b
formations in this way is about 1.6 eV per bond in bo
rhombohedral and tetragonal phases. Hence we can conc
that intercluster bonds play an important role in stabilizi
the phases. In addition, the energetic stability of the disto
C60 unit is also important. In particular, the remarkably hi
stability of the tetragonal phase is attributed to the rat
small distortion of the C60 unit.

IV. CONCLUSION

In this paper, we studied the electronic and geome
structures of rhombohedral and tetragonal phases of t
dimensional C60 polymers by using the local-density ap
proximation. Owing to short C60-C60 distances both within
and between layers, rhombohedral and tetragonal ph
were found to be electronically three dimensional, and to
elemental semiconductors having indirect gaps. The b
structure of these phases do not correspond to that of the
phase, on to the energy levels of the C60 cluster. Hence we
can classify these phases as new crystalline carbon sys
not only by their network geometries but also due to th
electronic structure. The total energy of the rhombohed
phase was found to be very close to that of the fcc pha
More surprisingly, the tetragonal phase is the most sta
phase among these phases, i.e., fcc, rhombohedral, an
tragonal phases, although the tetragonal phase is usua
minority phase in pressure-polymerized solid C60. In addi-
tion, we obtained the magnitude of the interlayer-interact
ff-
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energy not only for the tetragonal phase but also for
rhombohedral phase. It was revealed that interlayer inte
tion plays an important role in stabilizing both rhombohed
and tetragonal phases. However, the interlayer interactio
not the main origin of the remarkable stability of the tetra
onal phase. Instead, the small distortion of the C60 unit and
the formation of the intercluster bond should be the orig
of its high stability.

The present study suggests that, by controlling the nu
ber of intercluster bonds (sp3-like C atoms! in polymerized
fullerenes, we would be able to produce various kinds
hybrid carbon network materials ofsp2 andsp3 C atoms, the
electronic structure of which are different from that of pr
viously synthesized C-C networks. Furthermore, owing
their layered structures, we would also be able to des
intercalation compounds having notable properties based
polymerized C60 as a host material.
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