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The m-bonded system of dopedggis studied in the framework of the Hubbard model using the fully
unrestricted Hartree-FodiHF) approximation, which allows noncollinear arrangements of local-spin polar-
izations. Ground-state properties of a singlg @olecule, such as density distribution, local-spin polarizations,
and spin-spin correlation functions, are determined as a function of Coulomb repulsion stoéhgthd for
electron or hole dopings close to half-band filling(|8<3). For U>U, (U./t=2.5-3.0) the competition
between nearest-neighbor antiferromagnetic spin correlations and frustrations on pentagonal loops leads to
remarkable noncollinear spin arrangements, which depend sensitivélatU/t. For a single extra particle
(electron or holgandU>Uy,, the charge imbalance tends to concentrate with increasib@long one bond
connecting two pentagons. At these atoms the antiparallel spin correlations are considerably weakened. Two
extra particles tend to localize at opposite poles of tggsphere. Doping-induced changes in the noncollinear
spin arrangements are analyzed. Goals and limitations of the UHF calculations are discussed by comparing
them with exact numerical results in the case of a cagelike 12-atom cIL86463-182009)04431-9

I. INTRODUCTION of the on-site Coulomb repulsion. The considered magnetic
structure is the one that minimizes the energy of the classical
The discovery of fullerene structures and the novel physiAF Heisenberg model. Monte Carlo simulations og, @t

cal properties derived from their topology and curvaturehalf-band filling? and exact diagonalization studies of cage-
have motivated a remarkable interest in studying these conlike C,, (Ref. 7) support the existence of nonvanishing short-
plex systems. Particular attention has been dedicated torange spin correlations. Nevertheless, it should be recalled
alkali-metal-doped materials that exhibit superconductivitythat there is no experimental evidence for a spontaneous
(e.g., KsCso and RBCqp).? Understanding the physical prop- Symmetry breaking. Instead, the spin-density-wave instabil-
erties of a single, eventually dopedg@nolecule is funda- ity calculated in the framework of the UHF approximation
mental for the characterization of these systems. Moreover, ghould be interpreted as an indication of fluctuating spin-spin
is generally expected that most of the basic physics behingorrelations.
their novel superconducting and optical properties can be The purpose of this paper is to extend the previous inves-
captured at the scale of an individual molecular constituentiigations by varying the concentrationof 7 electrons away
In this context, the Hubbard model has been used to detefrom half-band filling =1). Extending the studies of the
mine low-energy properties ofgg, which derive from the Hubbard model on the buckyball topology he“ 1 appears
outermost half-filledz-electron cloud, particularly in order to be particularly interesting since most of the relevant prop-
to support a purely electronic mechanism for erties of Gy-based materials, for example superconductivity,
superconductivity® The spin-density distribution of the  arise upon doping. In the following, we determine the
system on the buckyball structure has been analyzed in ground-state properties ofgCby using the Hubbard model
series of recent pape?st! Coffey and Trugmahdetermined ~and the most general unrestricted Hartree-Fock approxima-
the ground-state spin configuration using a classical antifettion, which imposes no symmetry constraints, neither to the
romagnetic(AF) Heisenberg Hamiltonian that correspondssize and orientation of the local-spin polarizations nor to
to the limit of strong-Coulomb repulsiod/t in the Hubbard local charge densities. The best single-Slater-determinant ap-
model. They found that the lowest-energy spin structurgoroximation to the ground state is obtained according to the
shows a nontrivial noncollinear spin order. This arrangemengriterion of minimal energy. In this way, three-dimensional
of spins minimizes AF frustrations within each pentagonal(noncollineay spin arrangements, density redistributions, and
ring keeping strong AF short-range order between nearestheir interplay are investigated on the same level.
neighbor (NN) pentagon$. In following works, the same
spin structure was investigated by means of Hubbard or Il. METHOD
Pariser-Parr-Pople Hamiltonians at half-band filling, taking ) o
into account on-site and inter-site Coulomb interactions \We consider the Hubbard Hamiltonian
within the unrestricted Hartree-FocKUHF) approxi-
mation®** A common main result of these investigations is H=—t > ¢ cuptUD Ny, 2.1)
the presence of a magnetic instability for a critical vallie (Im) [
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for the 7r electrons in the g structure. In the usual notation,
CL (¢, refers to the creatiofannihilation) operator of an
electron with spino at sitel, andn,,= C|TUC|U is the corre-
sponding number operator. The parameteasid U denote,
respectively, the NN hopping integral and the on-site Cou-
lomb repulsion. The sum in the first term runs over all bonds
that connect pentagons and hexagons. For simplicity, we ne-
glect the difference in the hopping integrals on pentagonal

and hexagonal rings &t,/t,<1.3) 13
In the unrestricted Hartree-Fock approximatidnis re-
placed by the single-particle Hamiltonian

T it
HUHF:_IO% ClyCrmo+ U|2 (P16,16C15C10— Plo16C) 5 Cla )
(2.2

from which a single-determinant approximatipdHF) to
the ground state is obtained. In E®Q.2), p, ,» are the
matrix elementsp,, |, =(c{ c,/) Of the density matrix,
where( ...)=(UHF| .. .|UHF) implies self-consistenc¥’
The distribution of the electron density is given by

(ny=pitei (2.3
and the spin polarizatiot§)=(S*,S ,S) by
(S)Y=(pry1 +pi.11)12,
(SYy==i(pi11—p1111)12, (2.9

<SZ>Z(P|T,|T_P|1,|1)/2-

Notice that the local magnetic momer{§) are collinear if

and only if p;,;,=0, VI. In practice, several random spin

arrangements are proposed for e&bl as starting points of

FIG. 1. lllustration of the distribution of local-spin polarizations
(S)) in undoped G (5=0) as obtained by using the Hubbard model
with U/t= 3.4 in the fully unrestricted Hartree-Fock approximation.
The three-dimensional buckyball has been mapped onto a plane in
order to ease the visualization. The radius of the circle on each
atomic sitel is proportional to|(§|>|. The arrows represent the
projection 0f(§|> onto thexy plane, which is the plane containing
the outermost pentagon. Shaded cirdl@sen circle} indicate that
the perpendicular compone(®) is positive(negative. The value
of |(Sf)| can be inferred by comparing the in-plane projection given
by the arrows with the radius of the corresponding circle that is
proportional to|(§|>|. Notice that the spins are antiparallel in all
bonds joining two pentagons.

IIl. RESULTS

The model is characterized by the dimensionless param-
eterU/t and by the doping=»—60, wherev is the number
of 7 electrons. In the following, we consider values\bft
<6 and dopings up to 3 electrons or holés|&3). Com-
monly accepted values &f/t for Cgq correspond to the in-
termediate regime 2U/t<5 812

the self-consistent procedure, in order to ensure that the final Before considering the more complicated doped cases, it
result corresponds to the true UHF ground state. This is imiS worth to recall the main results for half-band fillfig:
portant particularly for doped clusters where the spin strucN€ local charge-density distributiom,) obtained within
ture cannot be inferred from the classical Heisenberdh® UHF approximation is uniform for all values tf/t=0

model®=8 In addition, the different types of self-consistent ((M)=1, VI). ForU/t<U./t=2.7 there are no spin polar-

solutions are followed as a function of/t by small incre-
mentsAU. In case of multiple solutions for a givdd/t the
UHF energies are compared.

The UHF energy can be rewritten as

U -
Eunr= _t<|% . PlomeT 1 Z (n|)2—UE| I(SHI%.
(2.9

izations, while forU>U, the lowest-energy solution corre-
sponds to the noncollinear AF-like spin order illustrated in
Fig. 1. The present fully unrestricted calculations confirm, as
expected, the magnetic order obtained in Ref. 6. All the local
spin polarizations(él) of a given pentagon are coplanar
matching the spin order found in an isolated pentagon with
one electron per site. The angle between twoqé\) in each
pentagon is 4/5, which amounts to split one parallel-spin
frustration among the 5 bonds. In they(buckyball, the

One observes that the Hartree-Fock Coulomb energplanes pontaining the spins of different pentagons are ar-

EHF—the sum of the second and third terms in E215— ranged in such a way that the bonds connecting pentagons

favors a uniform density distribution and the formation of N@ve antiparallel spins. Once the magnetic order sets in for
2 >

local momentg S;). Due to the local character of Hubbard’s U=>Uc, the local magnetic moments increase monotonously

- with U/t.8
Coulomb interaction, the relative orientation of differést) In the case of doped g, the optimization of the kinetic

does not affecEc" . It is, therefore, the optimization of the energy yields, fotJ/t<U,, an essentially homogeneous dis-
kinetic energy that eventually leads to the formation of com+ripution of the local charge densities that is qualitatively not
plex magnetic structures witS)-(S,)|# 1 or to nonuni-  far from the undoped case. For example, as shown in Fig. 2,
form density distributiongn,). |An|<0.025 for§==*1, whereAn,=(n;)—1. It is interest-
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-04 N S S S .1 FIG. 3. Unrestricted Hartree-Fock spin distribution in single-
"00 1.0 20 30 4.0 50 6.0 hole doped &, (6=—1) for U/t=3.4 (see the caption of Fig.)1
U/t The hole is mainly localized on the atoms 1 and 2, which show

small|(S)| (i.e., small radii. Notice the parallel alignment ¢, )
FIG. 2. Density distributiorAn;=(n;)—1 in doped G as a  and(S,). Away from these sites antiparallel ordering(&) (both
function of the Coulomb repulsiol)/t. Positive valuedcrosses  in-plane and off-plane componehts observed at nearest-neighbor
and negative valuegdots refer to §=1 and 5=—1, respectively.  honds connecting pentagofdashed-linesas in the undoped case.
Each point for a giverlJ/t corresponds to a different atom. The
numbers refer to the atontsllustrated in Fig. 1. slightly larger for 5=—1, which corresponds to a fivefold
degenerate level ingg, than foré=1 (threefold degenerale

ing to note the presence of small spin polarizations already a$imilar trends are found in UHF calculations on thg €lus-

very small values ofJ/t that are a consequence of degen-ter. Moreover, the CDW instability suggests a possible or-
eracies in the single-particl&P spectrum. For example, for bital degeneracy of the exact ground state. In fact, exact
|8|=2 (]6|=3) the total spin moment i§S)=1 ((S,  Lanczos calculations on doped flusters(é==+1) show
=3/2). The associated small local mome(®) are collin- somewhat mhomogeneous spin-density distributions, at least
ear and their spatial distribution follows the small variations@S long as the point-group symmetry of the cluster is not
of the local charge density, since the majority-spin density igaken explicitly into accounte.g., (n)=13/12+0.07 for

close to 1/2 (S =|(n,)— 1|/2). The situation corresponds u/t=5 a_nd 6=1). This indicat_es the presence of a grou_nd-
state orbital degeneracy that is not related to spin. The inho-

to a full spin polarization of the carriers occupying a degen- JeleLy tiat ) _
erate SP energy level and can be interpreted by applying'09eneous density distribution results from linear combina-
ilons of the underlying symmetry adapted eigenstates. In

Hund’s first rule for atomic shells to the SP spectrum of the ) AR )
cluster'® A similar behavior is often observed in exact di- these cases a Jahn-Teller distortion is expected. Comparison

agonalization studies on smaller clustérén a cagelike G,  Petween UHF and exact results fog,Ghows that UHF ex-
cluster (truncated tetrahedronwith 6=—2 (v=12+8) we Aadgerates the variations ¢ff;) within the clustentypically,

find that the exact ground-state spinds 1 already for ar- AN=0.3 in UHF andAn;<0.07 in symmetry unrestricted
bitrary smallU>0. However in other cases, for example for -@nczos calculationsin some casess=2) UHF yields an
8=2 in C,,, more complex correlations result in a minimal inhomogeneous density even if the corresponding exact

total spin despite the presence of SP degeneracies at tgg&ound state is nondegenerate and with uniform density. This
Fermi energy §=0 at least forU/t<16). limitation could be removed by restoring the cluster symme-

The UHF results for doped (g clusters change qualita- try using linear Co_mbi7nations of the various broken-
tively for U>U, (U./t=2.7) since a charge-density wave symmetr)ll UHF §0|Ut'onéﬁ. val li .
(CDW) and a noncollinear spin-density wave start to develop FOr U larger than a critical valuél¢, a noncollinear spin
with increasingU/t. As shown in Fig. 2 foré=+1, the solution always yields the lowest energy. The valuedJof

extra-carrier densitAn, (electron or holgtends to localize ~°OPtained for k[8]<3 (U/t=2.6-3.0) are not very differ-
mainly on a single bond connecting two pentagdrs and ent fromU, in the undoped case. The arrangements of spins

2) and also on the atoms of its immediate environmen€Orresponding t5+0 andU/t=3.4 are illustrated in Figs.
(I=3 and 4. In the rest of the atoms no significant charge3_6', The Spin structures in electron- and hole-dopgpa
transfer is observed. The redistributions of the charge densifgt@litatively similar. Notice, for example faf==1, the re-
allow to reduce the Hartree-Fo¢kF) energy and reflect the duction of the magnitude of the spin polarizatidi)| that
tendency to preserve AF-like correlations upon doping, paroccurs mainly on one bond connecting two pentagons
ticularly as U/t increases. However, the obtained strong(!=1 and 2, and the parallel alignment of the corresponding
charge localization is expected to be an artifact of mean fieldspin vectors(é). Away from the sites in which the charge
which attempts to mimic correlation effects with a single-imbalance is localized, the spin structure resembles that of
determinant wave function. The development of CDW'’s inthe undoped case. However, the differences become more
UHF is favored by the degeneracies in the SP spectrum. Fand more important a8 increasegcompare Figs. 3-6 For
example, the charge localization at sitts1 and 2 is §==2 the hole or electron densityn, tends to localize at
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FIG. 4. Distribution of local-spin polarizationS) in single- FIG. 6. Distribution of local polarizatiodS,) in doped G, for
electron doped £ (6=1) for U/t=3.4, illustrated as in Fig. 1. the case of two extra electrong£2, U/t=3.4).
Notice the small value of(S)| at sites 1 and 2 where the extra
electron is mainly localized. density distribution(n,) is broken upon doping and the spin

correlations between different NN's are not all the same. The

bonds that are at opposite poles of thg §phere, namely, at averagey of <§| . §m> over all bonds connecting pentagons is
the sites labeleti=1,2 andm=1",2" in Figs. 5 and 6. The shown in Fig. 7. As expected, the strength of the NN anti-
presence of two extra particles complicates the description derromagnetic spin correlations increases Wittt as we ap-
the spin structure, though some symmetry still remains in th@roach the Heisenberg drJ limit. On the other side, in-
charge and spin distributions. Fé=+2, An, and|(S)| are ~ creasing|d| tends to break the AF order and redudes.
both symmetric around each hole but, in contrassta+1, Notice that the later effect is somewhat more important for
the spins at the bonds that contain most of the charge imbaglectron doping(6>0) than for holes(6<0). These differ-
ance are not fully parallel §,=6;.,=25° where co#,, €nces originate in the lack of electron-hole symmetry and in

=(S)-(SHS)(SW]). The angless,,, between the spin po-

larizations at the rest of the bonds connecting pentagons dif- -0.10 T - T T T

fer only very slightly from (typically cos,,=—0.999). Ut=0-=2 p
Quite generally, one observes an increasing collinearity of 'W/j
spins polarizations as compared to the single carrier case. ~0.15

The same trend holds fdi==3. For instance, while for 1 or <

b —Ut=4 '
2 extra holes the spin structure is three dimensional, adding &= L 3
one more holés=—3) results in a coplanar two-dimensional S

spin arrangement. -0.20 —_Uit=6 -
A more detailed understanding of the magnetic behavior
is obtained by comparing the spin correlatic(rﬁ- §m> as a (@)
function of doping andJ/t. For half-band filling(6=0) the -0.25 ! ! I I I
AF spin correlations between bonds connecting pentagons -3 -2 -1 0 1 2 3
are strongest. In the UHF approximation the symmetry of the o
-0.10 — T T T T 1

-0.15

-0.20

_025 L | 2 1 L ] L | L | L
00 10 20 30 40 50 6.0

Uit

FIG. 7. Average spin correlation function= 353 m(S - Sy) be-
tween NN atoms connecting two pentagons as a functioajof

FIG. 5. Distribution of local-spin polarizatio(réo in doped G doping § and(b) Coulomb repulsion strengtdd/t. The total number
for the case of two extra hole$€ —2, U/t=3.4). of 7 electrons isv=60+4.
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are related to the redistribution of the extra hole or electron

| {1 \//7' "i\\/ densityAn,. This is shown in Fig. 8 wherdn, and|(S))|
~ . for 6=—1 are given as a function of the distanBg, be-
0.15 |2 t;i tween atoml and the bond 1-2. The charge imbalance is
i ‘\ /\Qr" Y found predominantly on the bond with parallel spiasoms
- \\ \)\ 3 3 J\/ 1 and 2. Within this bond, the average hole density is some-
NS 0.10 F © 5 ‘CD 5 how asymmetrical and the local-spin polarization is larger at
< ‘\ 517 atom 2, which has the smaller hole concentratiam . No-
- ¢ N N tice that the main deviations from the undoped cé$e0)
\ === are localized on the pentagonal and hexagonal rings sur-
0.05 - 495 rounding bond 1-Zup tol=8).
i R Y @ -
IV. DISCUSSION

The symmetry breaking implied by noncollinear spin ar-
rangements or by charge localization in finite systems is cer-
tainly an artifact of the Hartree-Fock approximation. It is
therefore of considerable interest to assess the validity of the
UHF results for the magnetic propertigse.g., the spin-

correlation functiongS;-S,,)) by comparing them with ex-
act calculations on smaller clusters with similar structures.
We have considered the cagelikg,Cluster (truncated tet-
rahedron for |8|<2 (v=12+6) and performed both UHF
self-consistent  calculations  and Lanczos  exact
diagonalizationg®

The UHF results on G have many qualitative features in
common with those on &. For 6=0 the self-consistent
local-charge density is uniform for all/t. There are no
local-spin polarizations untiU/t reaches the valuéJ ./t
=2.7. ForU>U, the lowest energy UHF solution shows a
noncollinear three-dimensional spin arrangement with local

0.30 |- b) -

| L 1 L
0.0 1.0 2.0 3.0
R,/R

FIG. 8. Spin and charge distribution in single-hole doped N ] ) ) )
Ceo (6=—1). (a) Hole densityAn,=1—(n,) (£,An,=1) and(b) moments(S) that increase monotgnlcally with). As in
spin polarization($)| as a function of the distandg,, between ~ Cgo, the relative orientation of thé¢S;) is independent of
atom| and the origin 0 shown in the insd®,, is measured along U (U>U,) and corresponds to the one that minimizes the
the surface of the sphere of radi&scontaining all atoms Ry, energy of the classical AF Heisenberg model. '(ég are
=R#,). The lattice structure around the bond where the hole iscoplanar within each triangle, pointing along the medians as
mainly localized is illustrated in the inset. The numbers label dif-jf the triangle were isolatedd(,,= 2/3). The spin polariza-
ferent nonequivalent atonisEven and odd are used to distinguish  tions at bonds connecting two triangles are exactly antipar-
upper and down hemispherdg, increases nonmonotonically with allel (6,,= ). In the exact calculations fa3=0 the charge-
| Fulllines (odd1) and dashed lineevenl) are a guide to the eye. o nqiry distribution is also uniform but there is neither a

discontinuous change of behavior at a critichlt nor per-

the resulting asymmetry of the SP spectrum of the nonbiparmanent spin polarizations(if;)=(n;|)=1/2, V1). As ex-
tite Cgp Structure. Fow>0 there is a threefold degenerate SPpected, the AF correlations increase progressively, starting at
level at the Fermi energy, while f@<0 the SP open shell is  arbitrary smallU.
fivefold degenerate. This indicates that the larger the degen- |n doped G, clusters, UHF yields an approximately uni-
eracy of SP levels, the smaller the reduction|f upon  form distribution of the charge density,) for U<U, (U,
doping. The trend, which is also found in exact and UHF=2.7). As already discussed in Sec. lil, small spin polariza-
calculations on a cagelike 12-atom cluster, can be qualitafons are obtained at very small/t due to degeneracies in
tively understood as a consequence of the larger flexibility othe SP spectrum. This is in agreement with the exact calcu-
the carrier states with increasing degeneracy at the Fernpitions for =—2 (ground-state spirS=1) but not for &
energy. =2 (S=0). For U>U, UHF yields a mixed spin and

The anglesf, between the spin polarizations provide charge-density waved#0). As in the buckyball, doping
further insight into the complex magnetic order ab®gt.  oq,ce5 AF correlations by tilting theS)) away from the
'I_'aklng for example the case of a single huj&=—_1), W€ ' least frustrated solution of the classical AF Heisenberg
find that cos,~—1 for all but one bond connecting penta- e while the density distribution is not uniform, the ten-
gons (=1 andm=2 in Fig. § for which cosf;,=1. In "~ yancy 1o |ocalize the extra-carrier density is weaker than in
other words, this one bond shows a ferromagnetlchke ordercso, at least forU/t<6. A representative example is illus-
ing with very small local-spin polarizationgS,)|. Similar  trated in Fig. 9 fors=1. The extra-electron density is mainly
trends are also obierved for electron dopifgl). The par-  found on one trianglelE1-3 in Fig. 9 where the local
allel alignment of(S) (I=1,2) and the reduction d{S,)| moments are small and parallel to each other. As already
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-0.30 +—+§=1UHF .
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X 040 | "2 8 4 5 {
FIG. 9. Distribution of local-spin polarizatiolS) in single- |i=m]|
electron doped G (6=1) for U/t=5 (see the caption of Fig.)1 ~0.50 , , , ) )
All the (S) lie within the plane of the figure. Notice the smaller 1 2 3 4 5
value of |(§)| at the atomsl=1-3 where most of the extra- |I=m|

electron density is found. ) ] L. .
FIG. 10. Spin correlation functionsS,- S;,,) of the single-band

] ‘Hubbard model withU/t=5 on a cagelike & cluster (truncated
noted, the Lanczos calculations also present a somewhat igstrahedron The number of electrons is=12+ & with 6=0 (main

homogeneous spin-density distribution, which results from aigure, circles, s=1 (inset, crossesand 5=—1 (inset, dots. Solid
degeneracy of the ground state. Comparison between exafies (dashed linesrefer to exact(unrestricted Hartree-Foglcal-
and mean-field calculations for;£shows, however, that -culations. Fors#0 results are given for the cluster averaggs as
UHF exaggerates the variations @f}) within the cluster. in Fig. 7, since the charge distribution is in general not uniform.

A more detailed analysis of the magnetic behavior is ob- - . .
Summarizing, the ground-state electronic properties of

tained by comparing the spin correlation functidi®- Sn).  goped G, have been studied in the framework of the Hub-
In Fig. 10(S-Sy,) is given as a function of the intersite bard model using the fully unrestricted Hartree-Fock ap-
separation|l —m| (U/t=5). The exact results in the un- proximation. Complex arrangements of spin polarizations
doped cas¢s=0) present strong antiferromagnetic spin cor-were obtained fotJ/t>2.5-3.0 as a result of the interplay
relations for NN sites |(—m|=1) which strength decreases between NN antiferromagnetic spin correlations, partial lo-
rapidly showing some oscillations Hs- m| increases. In the calization of the extra electron or hole densities and frustra-
inset results are given for electron and hole doping. Thes#on effects in the fullerene topology. Comparison with exact
correspond to the cluster averagg, of (S-S, since, as calculations on smaller clusters shows that UHF provides a
already discussed, the calculated charge distributions are Ratisfactory description of the spin correlations amang
general inhomogeneous. Doping does not change the beha&lectrons in cagelike structures. It is therefore expected, in
ior qualitatively, the main effect being an overall reduction spite of the limitations of mean field, that the results reported
of |yim|- Although there are appreciable quantitative differ-in this paper are relevant to the physics of dopgglad that
ences between UHF and Lanczos results—mainly at shofoncollinear HF is a useful approach to fullerene-based ma-
distances where UHF tends to underestimate the strength #trials. The present study should be also of interest from the
AF correlations—one observes that mean field reproduce®ore general perspective of noncollinear magnetism in com-
correctly the main trends in the distance dependence d?act frustrated structures.

(§-S,,) for both undoped and doped cases=+1). This
indicates, in spite of the drawbacks resulting from symmetry
breaking, that the physical picture obtained from the This work was supported by CONACyTMexico) and
noncollinear-spin calculations is qualitatively correct. UHF CNRS (France. M.A.O. acknowledges support from
seems a reasonable starting point for studying spin correl&EONACyYT (Mexico), and G.M.P. from the J. S. Guggen-
tions in fullerenelike clusters. heim Memorial Foundation.
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