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Doping effects and spin correlations in C60: An unrestricted Hartree-Fock study
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The p-bonded system of doped C60 is studied in the framework of the Hubbard model using the fully
unrestricted Hartree-Fock~UHF! approximation, which allows noncollinear arrangements of local-spin polar-
izations. Ground-state properties of a single C60 molecule, such as density distribution, local-spin polarizations,
and spin-spin correlation functions, are determined as a function of Coulomb repulsion strengthU/t and for
electron or hole dopingsd close to half-band filling~udu<3!. For U.Uc (Uc /t52.5–3.0) the competition
between nearest-neighbor antiferromagnetic spin correlations and frustrations on pentagonal loops leads to
remarkable noncollinear spin arrangements, which depend sensitively ond andU/t. For a single extra particle
~electron or hole! andU.Uc , the charge imbalance tends to concentrate with increasingU/t along 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 the C60 sphere. 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 cluster.@S0163-1829~99!04431-8#
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I. INTRODUCTION

The discovery of fullerene structures and the novel phy
cal properties derived from their topology and curvatu
have motivated a remarkable interest in studying these c
plex systems.1 Particular attention has been dedicated
alkali-metal-doped materials that exhibit superconductiv
~e.g., K3C60 and Rb3C60).

2 Understanding the physical prop
erties of a single, eventually doped, C60 molecule is funda-
mental for the characterization of these systems. Moreove
is generally expected that most of the basic physics beh
their novel superconducting and optical properties can
captured at the scale of an individual molecular constitue
In this context, the Hubbard model has been used to de
mine low-energy properties of C60, which derive from the
outermost half-filledp-electron cloud, particularly in orde
to support a purely electronic mechanism f
superconductivity.3–5 The spin-density distribution of thep
system on the buckyball structure has been analyzed
series of recent papers.6–11 Coffey and Trugman6 determined
the ground-state spin configuration using a classical ant
romagnetic~AF! Heisenberg Hamiltonian that correspon
to the limit of strong-Coulomb repulsionU/t in the Hubbard
model. They found that the lowest-energy spin struct
shows a nontrivial noncollinear spin order. This arrangem
of spins minimizes AF frustrations within each pentago
ring keeping strong AF short-range order between near
neighbor ~NN! pentagons.6 In following works, the same
spin structure was investigated by means of Hubbard
Pariser-Parr-Pople Hamiltonians at half-band filling, taki
into account on-site and inter-site Coulomb interactio
within the unrestricted Hartree-Fock~UHF! approxi-
mation.8–11 A common main result of these investigations
the presence of a magnetic instability for a critical valueUc
PRB 600163-1829/99/60~12!/9122~7!/$15.00
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of the on-site Coulomb repulsion. The considered magn
structure is the one that minimizes the energy of the class
AF Heisenberg model. Monte Carlo simulations on C60 at
half-band filling12 and exact diagonalization studies of cag
like C12 ~Ref. 7! support the existence of nonvanishing sho
range spin correlations. Nevertheless, it should be reca
that there is no experimental evidence for a spontane
symmetry breaking. Instead, the spin-density-wave insta
ity calculated in the framework of the UHF approximatio
should be interpreted as an indication of fluctuating spin-s
correlations.

The purpose of this paper is to extend the previous inv
tigations by varying the concentrationn of p electrons away
from half-band filling (n51). Extending the studies of th
Hubbard model on the buckyball topology tonÞ1 appears
to be particularly interesting since most of the relevant pr
erties of C60-based materials, for example superconductiv
arise upon doping. In the following, we determine t
ground-state properties of C60 by using the Hubbard mode
and the most general unrestricted Hartree-Fock approxi
tion, which imposes no symmetry constraints, neither to
size and orientation of the local-spin polarizations nor
local charge densities. The best single-Slater-determinan
proximation to the ground state is obtained according to
criterion of minimal energy. In this way, three-dimension
~noncollinear! spin arrangements, density redistributions, a
their interplay are investigated on the same level.

II. METHOD

We consider the Hubbard Hamiltonian

H52t (
^ lm&s

cls
† cms1U(

l
nl↑nl↓ ~2.1!
9122 ©1999 The American Physical Society
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PRB 60 9123DOPING EFFECTS AND SPIN CORRELATIONS IN . . .
for thep electrons in the C60 structure. In the usual notation
cls

† (cls) refers to the creation~annihilation! operator of an
electron with spins at site l, andnls5cls

† cls is the corre-
sponding number operator. The parameterst and U denote,
respectively, the NN hopping integral and the on-site C
lomb repulsion. The sum in the first term runs over all bon
that connect pentagons and hexagons. For simplicity, we
glect the difference in the hopping integrals on pentago
and hexagonal rings (1<t1 /t2<1.3).13

In the unrestricted Hartree-Fock approximationH is re-
placed by the single-particle Hamiltonian

HUHF52t (
^ lm&s

cls
† cms1U(

ls
~r ls,lscl s̄

†
cl s̄2r ls,l s̄cl s̄

†
cls!,

~2.2!

from which a single-determinant approximationuUHF& to
the ground state is obtained. In Eq.~2.2!, r ls,ls8 are the
matrix elementsr ls,ls85^cls

† cls8& of the density matrix,
where^ . . . &5^UHFu . . . uUHF& implies self-consistency.14

The distribution of the electron density is given by

^nl&5r l↑,l↑1r l↓,l↓ , ~2.3!

and the spin polarization̂SW l&5(Sl
x ,Sl

y ,Sl
z) by

^Sl
x&5~r l↑,l↓1r l↓,l↑!/2,

^Sl
y&52 i ~r l↑,l↓2r l↓,l↑!/2, ~2.4!

^Sl
z&5~r l↑,l↑2r l↓,l↓!/2.

Notice that the local magnetic moments^SW l& are collinear if
and only if r ls,l s̄50, ; l . In practice, several random sp
arrangements are proposed for eachU/t as starting points of
the self-consistent procedure, in order to ensure that the
result corresponds to the true UHF ground state. This is
portant particularly for doped clusters where the spin str
ture cannot be inferred from the classical Heisenb
model.6–8 In addition, the different types of self-consiste
solutions are followed as a function ofU/t by small incre-
mentsDU. In case of multiple solutions for a givenU/t the
UHF energies are compared.

The UHF energy can be rewritten as

EUHF52t (
^ l ,m&,s

r ls,ms1
U

4 (
l

^nl&
22U(

l
u^SW l&u2.

~2.5!

One observes that the Hartree-Fock Coulomb ene
EC

HF—the sum of the second and third terms in Eq.~2.5!—
favors a uniform density distribution and the formation
local momentŝ SW l&. Due to the local character of Hubbard
Coulomb interaction, the relative orientation of different^SW l&
does not affectEC

HF . It is, therefore, the optimization of th
kinetic energy that eventually leads to the formation of co
plex magnetic structures withu^SW l&•^SW m&uÞ1 or to nonuni-
form density distributionŝnl&.
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III. RESULTS

The model is characterized by the dimensionless par
eterU/t and by the dopingd5n260, wheren is the number
of p electrons. In the following, we consider values ofU/t
<6 and dopings up to 3 electrons or holes (udu<3). Com-
monly accepted values ofU/t for C60 correspond to the in-
termediate regime 2<U/t<5.8–12

Before considering the more complicated doped case
is worth to recall the main results for half-band filling.8–11

The local charge-density distribution̂nl& obtained within
the UHF approximation is uniform for all values ofU/t>0
(^nl&51, ; l ). For U/t<Uc /t.2.7 there are no spin polar
izations, while forU.Uc the lowest-energy solution corre
sponds to the noncollinear AF-like spin order illustrated
Fig. 1. The present fully unrestricted calculations confirm,
expected, the magnetic order obtained in Ref. 6. All the lo
spin polarizationŝ SW l& of a given pentagon are coplana
matching the spin order found in an isolated pentagon w
one electron per site. The angle between two NN^SW l& in each
pentagon is 4p/5, which amounts to split one parallel-sp
frustration among the 5 bonds. In the C60 buckyball, the
planes containing the spins of different pentagons are
ranged in such a way that the bonds connecting pentag
have antiparallel spins. Once the magnetic order sets in
U.Uc , the local magnetic moments increase monotonou
with U/t.8

In the case of doped C60, the optimization of the kinetic
energy yields, forU/t,Uc , an essentially homogeneous di
tribution of the local charge densities that is qualitatively n
far from the undoped case. For example, as shown in Fig
uDnl u<0.025 ford561, whereDnl5^nl&21. It is interest-

FIG. 1. Illustration of the distribution of local-spin polarization

^SW l& in undoped C60 ~d50! as obtained by using the Hubbard mod
with U/t53.4 in the fully unrestricted Hartree-Fock approximatio
The three-dimensional buckyball has been mapped onto a plan
order to ease the visualization. The radius of the circle on e

atomic site l is proportional tou^SW l&u. The arrows represent th

projection of^SW l& onto thexy plane, which is the plane containin
the outermost pentagon. Shaded circles~open circles! indicate that
the perpendicular component^Sl

z& is positive~negative!. The value
of u^Sl

z&u can be inferred by comparing the in-plane projection giv
by the arrows with the radius of the corresponding circle tha

proportional tou^SW l&u. Notice that the spins are antiparallel in a
bonds joining two pentagons.
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9124 PRB 60OJEDA, DORANTES-DÁVILA, AND PASTOR
ing to note the presence of small spin polarizations alread
very small values ofU/t that are a consequence of dege
eracies in the single-particle~SP! spectrum. For example, fo
udu52 (udu53) the total spin moment iŝSz&51 (^Sz&
53/2). The associated small local moments^Sl

z& are collin-
ear and their spatial distribution follows the small variatio
of the local charge density, since the majority-spin densit
close to 1/2 (̂Sl

z&.u^nl&21u/2). The situation correspond
to a full spin polarization of the carriers occupying a dege
erate SP energy level and can be interpreted by appl
Hund’s first rule for atomic shells to the SP spectrum of
cluster.15 A similar behavior is often observed in exact d
agonalization studies on smaller clusters.16 In a cagelike C12
cluster ~truncated tetrahedron! with d522 ~n5121d! we
find that the exact ground-state spin isS51 already for ar-
bitrary smallU.0. However in other cases, for example f
d52 in C12, more complex correlations result in a minim
total spin despite the presence of SP degeneracies a
Fermi energy (S50 at least forU/t<16!.

The UHF results for doped C60 clusters change qualita
tively for U.Uc (Uc /t.2.7) since a charge-density wav
~CDW! and a noncollinear spin-density wave start to deve
with increasingU/t. As shown in Fig. 2 ford561, the
extra-carrier densityDnl ~electron or hole! tends to localize
mainly on a single bond connecting two pentagons (l 51 and
2! and also on the atoms of its immediate environm
( l 53 and 4!. In the rest of the atoms no significant char
transfer is observed. The redistributions of the charge den
allow to reduce the Hartree-Fock~HF! energy and reflect the
tendency to preserve AF-like correlations upon doping, p
ticularly as U/t increases. However, the obtained stro
charge localization is expected to be an artifact of mean fi
which attempts to mimic correlation effects with a sing
determinant wave function. The development of CDW’s
UHF is favored by the degeneracies in the SP spectrum.
example, the charge localization at sitesl 51 and 2 is

FIG. 2. Density distributionDnl5^nl&21 in doped C60 as a
function of the Coulomb repulsionU/t. Positive values~crosses!
and negative values~dots! refer to d51 andd521, respectively.
Each point for a givenU/t corresponds to a different atom. Th
numbers refer to the atomsl illustrated in Fig. 1.
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slightly larger for d521, which corresponds to a fivefold
degenerate level in C60, than ford51 ~threefold degenerate!.
Similar trends are found in UHF calculations on the C12 clus-
ter. Moreover, the CDW instability suggests a possible
bital degeneracy of the exact ground state. In fact, ex
Lanczos calculations on doped C12 clusters~d561! show
somewhat inhomogeneous spin-density distributions, at l
as long as the point-group symmetry of the cluster is
taken explicitly into account~e.g., ^nl&513/1260.07 for
U/t55 andd51!. This indicates the presence of a groun
state orbital degeneracy that is not related to spin. The in
mogeneous density distribution results from linear combi
tions of the underlying symmetry adapted eigenstates
these cases a Jahn-Teller distortion is expected. Compa
between UHF and exact results for C12 shows that UHF ex-
aggerates the variations of^nl& within the cluster~typically,
Dnl<0.3 in UHF andDnl<0.07 in symmetry unrestricted
Lanczos calculations!. In some cases~d52! UHF yields an
inhomogeneous density even if the corresponding ex
ground state is nondegenerate and with uniform density. T
limitation could be removed by restoring the cluster symm
try using linear combinations of the various broke
symmetry UHF solutions.17

For U larger than a critical valueUc , a noncollinear spin
solution always yields the lowest energy. The values ofUc
obtained for 1<udu<3 (Uc /t52.6–3.0) are not very differ-
ent fromUc in the undoped case. The arrangements of sp
corresponding todÞ0 andU/t53.4 are illustrated in Figs
3–6. The spin structures in electron- and hole-doped C60 are
qualitatively similar. Notice, for example ford561, the re-
duction of the magnitude of the spin polarizationu^SW l&u that
occurs mainly on one bond connecting two pentago
( l 51 and 2!, and the parallel alignment of the correspondi
spin vectorŝ SW l&. Away from the sites in which the charg
imbalance is localized, the spin structure resembles tha
the undoped case. However, the differences become m
and more important asd increases~compare Figs. 3–6!. For
d562 the hole or electron densityDnl tends to localize at

FIG. 3. Unrestricted Hartree-Fock spin distribution in sing
hole doped C60 ~d521! for U/t53.4 ~see the caption of Fig. 1!.
The hole is mainly localized on the atoms 1 and 2, which sh

small u^SW l&u ~i.e., small radii!. Notice the parallel alignment of^SW 1&
and^SW 2&. Away from these sites antiparallel ordering of^SW l& ~both
in-plane and off-plane components! is observed at nearest-neighb
bonds connecting pentagons~dashed-lines! as in the undoped case
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PRB 60 9125DOPING EFFECTS AND SPIN CORRELATIONS IN . . .
bonds that are at opposite poles of the C60 sphere, namely, a
the sites labeledl 51,2 andm518,28 in Figs. 5 and 6. The
presence of two extra particles complicates the descriptio
the spin structure, though some symmetry still remains in
charge and spin distributions. Ford562, Dnl andu^SW l&u are
both symmetric around each hole but, in contrast tod561,
the spins at the bonds that contain most of the charge im
ance are not fully parallel (u125u1828.25° where cosulm

5^SW l&•^SWm&/u^SW l&uu^SWm&u). The anglesu lm between the spin po
larizations at the rest of the bonds connecting pentagons
fer only very slightly fromp ~typically cosulm.20.999).
Quite generally, one observes an increasing collinearity
spins polarizations as compared to the single carrier c
The same trend holds ford563. For instance, while for 1 o
2 extra holes the spin structure is three dimensional, add
one more hole~d523! results in a coplanar two-dimension
spin arrangement.

A more detailed understanding of the magnetic behav
is obtained by comparing the spin correlations^SW l•SW m& as a
function of doping andU/t. For half-band filling~d50! the
AF spin correlations between bonds connecting pentag
are strongest. In the UHF approximation the symmetry of

FIG. 4. Distribution of local-spin polarization̂SW l& in single-
electron doped C60 ~d51! for U/t53.4, illustrated as in Fig. 1

Notice the small value ofu^SW l&u at sites 1 and 2 where the extr
electron is mainly localized.

FIG. 5. Distribution of local-spin polarization̂SW l& in doped C60

for the case of two extra holes (d522, U/t53.4).
of
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density distribution̂ nl& is broken upon doping and the sp
correlations between different NN’s are not all the same. T
averageg of ^SW l•SW m& over all bonds connecting pentagons
shown in Fig. 7. As expected, the strength of the NN an
ferromagnetic spin correlations increases withU/t as we ap-
proach the Heisenberg ort-J limit. On the other side, in-
creasingudu tends to break the AF order and reducesugu.
Notice that the later effect is somewhat more important
electron doping~d.0! than for holes~d,0!. These differ-
ences originate in the lack of electron-hole symmetry and

FIG. 6. Distribution of local polarization̂SW l& in doped C60 for
the case of two extra electrons (d52, U/t53.4).

FIG. 7. Average spin correlation functiong5
1

30 ( lm^SW l•SW m& be-
tween NN atoms connecting two pentagons as a function of~a!
dopingd and~b! Coulomb repulsion strengthU/t. The total number
of p electrons isn5601d.
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9126 PRB 60OJEDA, DORANTES-DÁVILA, AND PASTOR
the resulting asymmetry of the SP spectrum of the nonbip
tite C60 structure. Ford.0 there is a threefold degenerate S
level at the Fermi energy, while ford,0 the SP open shell is
fivefold degenerate. This indicates that the larger the deg
eracy of SP levels, the smaller the reduction ofugu upon
doping. The trend, which is also found in exact and UH
calculations on a cagelike 12-atom cluster, can be qua
tively understood as a consequence of the larger flexibility
the carrier states with increasing degeneracy at the Fe
energy.

The anglesu lm between the spin polarizations provid
further insight into the complex magnetic order aboveUc /t.
Taking for example the case of a single hole~d521!, we
find that cosulm'21 for all but one bond connecting pent
gons (l 51 and m52 in Fig. 8! for which cosu1251. In
other words, this one bond shows a ferromagneticlike ord
ing with very small local-spin polarizationsu^SW l&u. Similar
trends are also observed for electron doping~d51!. The par-
allel alignment of^SW l& ( l 51,2) and the reduction ofu^SW l&u

FIG. 8. Spin and charge distribution in single-hole dop
C60 (d521). ~a! Hole densityDnl512^nl& (( lDnl51) and~b!

spin polarizationu^SW l&u as a function of the distanceRl0 between
atom l and the origin 0 shown in the inset.Rl0 is measured along
the surface of the sphere of radiusR containing all atoms (Rl0

5Ru l). The lattice structure around the bond where the hole
mainly localized is illustrated in the inset. The numbers label d
ferent nonequivalent atomsl. Even and oddl are used to distinguish
upper and down hemispheres.Rl0 increases nonmonotonically wit
l. Full lines~odd l! and dashed lines~evenl! are a guide to the eye
r-

n-

a-
f

mi

r-

are related to the redistribution of the extra hole or elect
densityDnl . This is shown in Fig. 8 whereDnl and u^SW l&u
for d521 are given as a function of the distanceRl0 be-
tween atoml and the bond 1-2. The charge imbalance
found predominantly on the bond with parallel spins~atoms
1 and 2!. Within this bond, the average hole density is som
how asymmetrical and the local-spin polarization is larger
atom 2, which has the smaller hole concentrationDnl . No-
tice that the main deviations from the undoped case~d50!
are localized on the pentagonal and hexagonal rings
rounding bond 1-2~up to l .8).

IV. DISCUSSION

The symmetry breaking implied by noncollinear spin a
rangements or by charge localization in finite systems is c
tainly an artifact of the Hartree-Fock approximation. It
therefore of considerable interest to assess the validity of
UHF results for the magnetic properties~e.g., the spin-
correlation functionŝ SW l•SW m&) by comparing them with ex-
act calculations on smaller clusters with similar structur
We have considered the cagelike C12 cluster~truncated tet-
rahedron! for udu<2 (n5121d) and performed both UHF
self-consistent calculations and Lanczos ex
diagonalizations.18

The UHF results on C12 have many qualitative features i
common with those on C60. For d50 the self-consisten
local-charge density is uniform for allU/t. There are no
local-spin polarizations untilU/t reaches the valueUc /t
.2.7. ForU.Uc the lowest energy UHF solution shows
noncollinear three-dimensional spin arrangement with lo
moments^SW l& that increase monotonically withU. As in
C60, the relative orientation of thêSW l& is independent of
U (U.Uc) and corresponds to the one that minimizes
energy of the classical AF Heisenberg model. The^SW l& are
coplanar within each triangle, pointing along the medians
if the triangle were isolated (u lm52p/3). The spin polariza-
tions at bonds connecting two triangles are exactly antip
allel (u lm5p). In the exact calculations ford50 the charge-
density distribution is also uniform but there is neither
discontinuous change of behavior at a criticalU/t nor per-
manent spin polarizations (^nl↑&5^nl↓&51/2, ; l ). As ex-
pected, the AF correlations increase progressively, startin
arbitrary smallU.

In doped C12 clusters, UHF yields an approximately un
form distribution of the charge density^nl& for U,Uc (Uc
.2.7). As already discussed in Sec. III, small spin polari
tions are obtained at very smallU/t due to degeneracies i
the SP spectrum. This is in agreement with the exact ca
lations for d522 ~ground-state spinS51) but not for d
52 (S50). For U.Uc UHF yields a mixed spin and
charge-density wave (dÞ0). As in the buckyball, doping
reduces AF correlations by tilting thêSW l& away from the
least frustrated solution of the classical AF Heisenb
model. While the density distribution is not uniform, the te
dency to localize the extra-carrier density is weaker than
C60, at least forU/t,6. A representative example is illus
trated in Fig. 9 ford51. The extra-electron density is mainl
found on one triangle (l 51 –3 in Fig. 9! where the local
moments are small and parallel to each other. As alre
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noted, the Lanczos calculations also present a somewha
homogeneous spin-density distribution, which results from
degeneracy of the ground state. Comparison between e
and mean-field calculations for C12 shows, however, tha
UHF exaggerates the variations of^nl& within the cluster.

A more detailed analysis of the magnetic behavior is
tained by comparing the spin correlation functions^SW l•SW m&.
In Fig. 10 ^SW l•SW m& is given as a function of the intersit
separationu l 2mu (U/t55). The exact results in the un
doped case~d50! present strong antiferromagnetic spin co
relations for NN sites (u l 2mu51) which strength decrease
rapidly showing some oscillations asu l 2mu increases. In the
inset results are given for electron and hole doping. Th
correspond to the cluster averageg lm of ^SW l•SW m& since, as
already discussed, the calculated charge distributions a
general inhomogeneous. Doping does not change the be
ior qualitatively, the main effect being an overall reducti
of ug lmu. Although there are appreciable quantitative diffe
ences between UHF and Lanczos results—mainly at s
distances where UHF tends to underestimate the streng
AF correlations—one observes that mean field reprodu
correctly the main trends in the distance dependence

^SW l•SW m& for both undoped and doped cases~d561!. This
indicates, in spite of the drawbacks resulting from symme
breaking, that the physical picture obtained from t
noncollinear-spin calculations is qualitatively correct. UH
seems a reasonable starting point for studying spin corr
tions in fullerenelike clusters.

FIG. 9. Distribution of local-spin polarization̂SW l& in single-
electron doped C12 (d51) for U/t55 ~see the caption of Fig. 1!.

All the ^SW l& lie within the plane of the figure. Notice the smalle

value of u^SW l&u at the atomsl 51 –3 where most of the extra
electron density is found.
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Summarizing, the ground-state electronic properties
doped C60 have been studied in the framework of the Hu
bard model using the fully unrestricted Hartree-Fock a
proximation. Complex arrangements of spin polarizatio
were obtained forU/t.2.5–3.0 as a result of the interpla
between NN antiferromagnetic spin correlations, partial
calization of the extra electron or hole densities and frus
tion effects in the fullerene topology. Comparison with exa
calculations on smaller clusters shows that UHF provide
satisfactory description of the spin correlations amongp
electrons in cagelike structures. It is therefore expected
spite of the limitations of mean field, that the results repor
in this paper are relevant to the physics of doped C60 and that
noncollinear HF is a useful approach to fullerene-based
terials. The present study should be also of interest from
more general perspective of noncollinear magnetism in co
pact frustrated structures.
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FIG. 10. Spin correlation functionŝSW l•SW m& of the single-band
Hubbard model withU/t55 on a cagelike C12 cluster ~truncated
tetrahedron!. The number of electrons isn5121d with d50 ~main
figure, circles!, d51 ~inset, crosses!, andd521 ~inset, dots!. Solid
lines ~dashed lines! refer to exact~unrestricted Hartree-Fock! cal-
culations. FordÞ0 results are given for the cluster averagesg lm as
in Fig. 7, since the charge distribution is in general not uniform
.
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