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Electronic structure of metallic rhombohedral Cg, polymers
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We report electronic structures and stabilities of rhombohedjab@ymers by using the local spin-density
approximation in the framework of the density-functional theory. Owing to hybrid networkspbiike
(threefold coordinatedand sp-like (fourfold coordinatefl carbon atoms, the electronic structures of these
polymers are considerably different from that of a face-centered détur Cqo. We find that polymerized
structures attained at the double bonds are semiconducting whereas polymerized structures attained at single
bonds are metallic. Significant overlap of the wave function in the space among three adjgcemiges the
metallic behavior on the latter polymers. We also find that the stacking ordering strongly affects the conducting
properties of the metallic polymers. Despite substantial density of states at Fermi levej, fay@ers do not
exhibit any magnetic ordering. Total energy calculations show that the metgjljpoymers have higher total
energy than the semiconductings@olymer phases.
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[. INTRODUCTION sible ferromagnetic ordering. In particular, the atomic struc-
tures, energetics, and detailed electronic structures of the
Polymerized phases ofgg belong to a class of the crys- rhombohedral g polymers are desired.
talline fullerites. Each @ in the polymerized phases has Here, based on the first-principle total-energy calculation,
covalent bonds between adjacen,@nd consists of both we study the energetics and electronic structures of the
sp?-like (threefold coordinatedands p*-like (fourfold coor-  rhombohedral g polymer to explore the possibility of the
dinated carbon atoms. Thep®-like carbon atoms, connect- anisotropic metallic property. There are two possibilities as
ing Cyo units, result in infinite one-, two-, or three- to the intermolecular bond formation. In one configuration,
dimensional covalent networks and drastically modulate the two C atoms shared by the two adjacent hexagons in a
electron states of theggunit®’ These are the reason why Ceo are covalently bonded to the C atoms which are shared
the polymerized g, phases are classified as the class of thdy the two hexagons in the adjacent,@66 structurg in
crystalline fullerites. In the last decade, several polymerizednother, the two C atoms shared by a hexagon and a penta-
phases of @ have been synthesized by usinggon in a Gy are bonded to the adjacentd365 structurg
photo-induced, alkaline-atom-induce, and pressure- Relative stability between the two configurations is un-
induced > polymerization procedures. Among these proce-known. Further, the two-dimensionally polymerizeg},Get-
dures, pressure-induced polymerization is known to be ableork is stacked along the axis of the hexagonal lattice in
to control network geometries and dimensionality by varyingthe rhombohedral phase. We thus need to clarifies their
the pressure and temperatifeThree different types of the stacking effects on the electronic structure and the energetics
polymerized phases have been experimentally synthesizeaf the polymer. Our calculation clarifies the possibility of an
under moderate hydrostatic pressure at elevatednisotropic conduction property in the rhombohedrg}, C
temperaturé=® The x-ray diffraction experiments have clari- polymer in which the intermolecular covalent-bond structure
fied structures of one-dimensionally polymerized orthorhomis different from that in the rhombohedral polymer previ-
bic and two-dimensionally polymerized tetragonal and alsously studied.
rhombohedral phases. First-principle electronic structure cal-
culations for the experimentally determined atomic struc-
tures of these polymerized phases have revealed that they are
semiconducting with a narrow fundamental energy 3ap.  All calculations have been performed by density-
Furthermore, the electronic structures of these phases afenctional theory(DFT).}"*® To explore the possibility of
considerably different from that of a face-centered cubicpolarization of the electron spin, exchange-correlation en-
phase of G fullerite’® due to the presence of thep-like  ergy of interacting electrons is treated in the local spin-
carbon atoms which modulate network topologies ofdensity approximatioiilLSDA) with a functional form fitted
m-electron systemit 13 to the Ceperley-Alder resutf:?® Norm-conserving pseudo-
Recently, anisotropic metallic properties were reported orpotentials generated by using the Troullier-Martins scheme
highly oriented rhombohedralggpolymer!*1°Furthermore, —are adopted to describe the electron-ion interactdAThe
possible ferromagnetic spin ordering was also reported omalence wave functions are expanded by the plane-wave ba-
the rhombohedral & polymerst® These results are obvi- sis set with a cutoff energy of 50 Ry which gives enough
ously inconsistent with the previous electronic structureconvergence of relative total energies of carbon-related
calculation€” Thus, it is imperative to clarify the mecha- materials’?*We adopt the conjugate-gradient minimization
nism of the anisotropic conduction properties and the posscheme both for the electronic structure calculation and for

Il. CALCULATION METHODS
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(a) C(66) polymer (b) Ca(65) polymer TABLE |. Total energies per atom of rhombohedra}y(®6)

! polymers and the £(65) polymers for different stacking orders.
Energies are measured from the total energy of graphite. Total en-
ergy per atom of fcc g is also shown. In the rhombohedral and the
fcc phase, geometries are fully optimized under the measured lattice

11
EK‘E

constants.

Total energy(eV)
Cs0(66) ABC stacking 0.428
Ce0(66) ACB stacking 0.428
Ceo(65) ABC stacking 0.702
Ceo(65) ACB stacking 0.719
fcc 0.427

FIG. 1. Optimized geometries of each polymerized laye(apf .
i symmetry. In the polymerized layer, eachy@olecule pos-
Ceo(66) polymer andb) Ce((65) polymer. Bottom of left in each (oo 12p°-like carbon atoms which form covalent bond

figure shows the atomic structure at the interfullerene covalenE W di i | | As stated ab
bonds. Bottom right in each figure shows network geometries o _e een adjacent ¢ molecules. As stated above, we con-

sp-like (threefold coordinatédcarbon atoms. sider two different’ polymerized structures. In g(@®6) poly-
mer reported by Noez-RegueirdFig. 1(a)], polymerization

the geometry optimizatiof For the geometry optimization, is attained via formation of the four-membered ring from two

we assume the lattice parametars 9.19 A andc=24.5 A .

which are obtained by the x-ray diffraction pattern analysis. (a) Ceo(66) ABC stacking

Structural optimization has been performed until the remain- 2 ~—]
ing forces for each atom are less than 5 mRy/A under the ></Z %

above lattice parameters. Integration over Brillouin zone is 1 =
carried out using the 27-point sampling. 0
|
ll. RESULTS AND DISCUSSIONS % -1 -_/f<
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FIG. 2. Schematic side and top views of the rhombohedral poly- FIG. 3. Electronic energy bands ¢ the ABGstacking and
mers with (a) the ABGstacking and(b) the ACB-stacking struc- (b) the ACB-stacking G¢(66) polymers. Energies are measured
tures. Dark shaded, pale shaded, and white circles denotegthe Cfrom the top of the valence band Atpoint. Symmetry points and
molecules belonging im\, B, and C polymerized layers, respec- lines in the first Brillouin zone of the rhombohedral lattice are
tively. shown in inset.
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FIG. 4. (a) Contour plot on th¢2110] plane of the squared wave function of the lowest unoccupied state of the rhombohg(6) C
polymer with theACB-stacking at thd™ point. Contour plots on th€2110] plane of the squared wave function around HEye of the
rhombohedral g,(65) polymers with(b) the ABGstacking andc) the ACB-stacking structures. The circles and dashed lines denotegthe C
molecules and polymerized planes, respectivelyContour plot orf 0001] plane of the wave function around tkg of the rhombohedral
Ceo polymers of theABC stacking. Each contour represent twige half) the density of the adjacent contour lines. The lowest-density
contour represents 0.G8a.u?.

66 bond(double bond each of which is shared by the two structures possess similar electronic band structures around
hexagons. On the other hand, Okotrub recently proposed the energy gapFigs. 3a) and 3b)]. Thus, theACB-stacking
different polymerized structur®.As shown in Fig. 1b), po-  structure is also a semiconductor with indirect fundamental
lymerization is attained by the formation of the four- gap of about 0.5 eV. This insensitivity for the stacking dif-
membered ring from two 65 bonds each of which is sharederence is clarified by the wave function analysis for the
by the hexagon and the pentagon. This structure is callgd Celectron states around the energy gap. Figu{@ 4hows the

(65 polymers hereafter. The 65 bond is classified as thequared wave function of the lowest unoccupied states of the
single bond on the ©-C network in the G,. Furthermore, ABGCstacking polymer at thd" point. The wave function
there are two different stacking sequences, i.e.clearly possesses an antibonding character and is localized at

ABCABC. .. [ABCstacking: Fig. 2a)] andACBACB. .. the edge atomic sites of the network[onefold coordinated
[ACB stacking: Fig. 2b)], along thec-axis direction. C site on the network obp?-like carbon atomgFig. 1)].
Furthermore, it is found that the wave function in each po-
A. Cgy(66) polymer lymerized layer hardly overlaps due to the localized charac-

ter. Therefore, the electronic structures and energetics of

We study the stability and the electronic structure of theCGO(GG) polymer does not depend on the stacking difference.

Cs(66) polymer with theABG-stacking structure. Our pre-
vious local-density approximatioiiLDA) calculation has
shown that theABG-stacking Gy(66) polymer is a semicon-
ductor with narrow indirect energy gap and the polymerized In this section we discuss the geometric and electronic
structure is energetically as stable as the fgg. €' In this  structures of the rhombohedrakd65) polymers. We per-
section, we clarify the electronic structure and the stability ofform the structural optimization under the experimentally ob-
the G(66) polymer with theACB-stacking structure. As served lattice parameterai€9.19 A andc=24.5 A). We
shown in Table I, we do not find any significant difference inshow optimized atomic geometry of the;d®5) polymer
total energies between the two stacking structures in the aevith the ABG-stacking order in Fig. (b). Optimized bond
curacy of the present calculation. Furthermore, both stackintength between adjacentggmolecules is 1.56 A which is

B. C¢o(65) polymer
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(a) Ceo(65) ABC stacking interactions in the graphite and the@olymers are consid-
2 ered to have the character of van der Waals interaction. Suf-
ficiently accurate description of such interaction is unavail-
| S % L ——— able at present: Our calculation with LDA is successful to
0 \f&_ K % provide reasonable binding energy of the graphite. Hence the
_ eSS D calculated energy difference between two stacking structures
3 1 >\ 5 T~ | is of qualitative nature to some extent and the quantitative
. %% value is to be studied in future.
§'2 e = Electronic energy bands of thABCstacking and the
SN S— ] ﬁ@ ACB-stacking structures of thegg65) polymers are shown
-3 P ﬁ@ in Figs. 5a) and Jb), respectively. Since we find the rela-
zx tively flat dispersion bands near the Fermi level alongAhe
d —— %% line in both structures, spin polarization is expected to take
s %‘i‘ﬁ% ———— place. However, we only find nonmagnetic and metallic elec-
“Z A T L Y ZF r x tron states for both thABGCstacking and théACB-stacking
. structures of the £(65) polymers. The results indicate that
(b) Ce0(65) ACB stacking the rhombohedral £(65) polymers are not candidates for
2 the ferromagnetic g polymers. It is expected that the small
dispersion band around tHe- may cause large density of
1 states at thé&. As shown in Fig. 6, calculateN(Eg) are
Ero 5.32 stategeV spin and 4.16 state&V spin for the ABG
stacking and théACB-stacking structures, respectively. The
%_1 /kg %t values are similar to the typical values of the alkali-metal
e e doped fullerides.

25 _\'—f%’_; e To clarify mechanism of the metallization of the poly-
ia %% —=—T——~]  mers, we analyze the wave function of the electron states at
BE =] the Er . Figures 4b) and 4c) show distribution of squared
e A\/<§/\j wave function Gy(65) polymers for the electron states Rt
-4 %ﬁ%c e labeled asy. The states are mainly localized at the edge of
\'%% %% the 7 networks[Fig. 4(d)]. Furthermore, the distribution of

_SZ AT L Y 7 F r = the states _around the edges of #é-like carbon net\_/vork is
more localized on the polymerized plane than that in the case
FIG. 5. Electronic energy bands @) the ABCstacking andb)  of the G(66) polymer. Consequently, this distribution
the ACB-stacking Go(65) polymers. Energies are measured from causes large overlap of the wave function in the space among
the Fermi-level energy which is denoted by dashed lines. three adjacent £gs so that the g(65) polymers exhibit me-
tallic electronic structurefig. 4(d)]. Furthermore, distribu-
close to that obtained in thes§66) polymers(1.64 A) and  tion of the wave function indicates that the overlap between
that of the diamond. It is found that calculated total energiesadjacent polymerized layer is considerably small inAfBC-
of the G(65) polymers are higher than those of the otherstacking structure. Thus, the band dispersion along\tliae
Cqo related materials. The total energy of thgy®5) poly-  is narrower than that along the in-plane direction and the
mer is higher than that of theggt66) polymer by about 0.3 system may exhibit the strong anisotropic conductance
eV/atom(Table ). Thus, the Gy(65) polymer is considered which have been experimentally reported by Makarova
to be a minor phase of the rhombohedrg), Golymer when et al1*1°On the other hand, in th&CB stacking, we find the
equilibrium condition is attained. Among two different stack- significant wave function overlap between adjacent layers.
ing orders of the gy(65) polymers, we find that thABG ~ Owing to the large wave function overlap, the system has
stacking structure is more stable by 17 meV than Al@B- larger band dispersions along the-line than the ABG
stacking structure. It should be noted that the layer-layestacking polymer.

(a) (b)
18 18

16 16
,«;5;14 ;14
=12 < 12 FIG. 6. Density of states for the rhombohedral
10 s10E Cso polymers with(a) the ABG-stacking andb)
k] 2 El 2 the ACB-stacking structures. Energies are mea-
é s § . sured from the Fermi-level energy.

2 2
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IV. CONCLUSION likely to be a candidate for the ferromagnetigo®olymer.

In the present paper, we studied the electronic structure&/® find significant differences of the energetics and elec-

and energetics of the rhombohedraj,@olymers by using tLonic sltructgrez b(latweehﬁrﬁstg%king andACBstac.kiIng of d
the local spin-density approximation in the density-t € polymerized planes. The dillerences areé mainly cause

functional theory. We study two different polymerized struc- by th_e characteristic distribution .Of wave function at the
tures of the rhombohedralgpolymers: In the Gy(66) poly- _Ferml energy. Eurthermpre, the distribution may also result
mer, the polymerization is attained at the 66 bonds which ard’ the anisotropic meta}IIlc property of the_rhombohedr@d c
shared with the two adjacent hexagons, while, in thg85) polymers as reported in the recent experiment.

polymer, the polymerization is attained at the 65 bonds
which are shared with the hexagon and pentagon. Electronic
structures of the g(66) polymers are found to be semicon-
ducting with small indirect energy gap betwe&nand F We benefited from fruitful conversations with M. Toku-
points. We also find that stacking effects of polymerized lay-moto. This work was partly supported by ACT-JSTapan

ers are not important for the both electronic structures an&écience and Technology CorporatiprSpecial Research
energetics. In sharp contrast to thgy@®6) polymers, the Project on Nanoscience in University of Tsukuba, NEDO
Ceo(65) polymers are a metallic with relatively large Fermi under the Nanotechnology Materials Program, and Grant-in-
level density of states. The calculated valueN¢Eg) are  Aid for Scientific Research from Ministry of Education, Sci-
5.32 state$eV spin and 4.16 state@V spin for the ABC  ence, and Culture of Japan. Computations were done at In-
stacking and theACB stacking, respectively. Although the stitute for Solid State Physics, University of Tokyo, at
Ceo(65) polymers possess substantial density of states &cience Information Processing Center, University of
Fermi level, we only find nonmagnetic and metallic solutionsTsukuba, and at Research Center of the Computational Sci-
in this calculation. Therefore, theg&65) polymers are un- ence, Okazaki National Institute.
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