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Vacancy-induced structural relaxations in Yb2.75C60
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The well-characterized vacancy-ordered structure of Yb2.75C60 can be understood within a simple
electrostatic-energy model. The results provide valuable insight into how vacancies induce local structural
relaxations, and are qualitatively transferable to cation vacancies in other intercalated metal fullerides.
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As the study of metal-intercalated C60 compounds has
progressed,1 increasing interest has been focused on how
whether, the presence of cation vacancies can influence
properties. Specifically, cation vacancies might be expec
to affect carrier concentration, as well as local electronic a
crystal structure.2–5 Proposals that these effects play an i
portant role in superconductivity6 and the low-temperature
splitting of tetrahedral NMR lines7,8 have proved
controversial.9,10 While theoretical investigations of vacan
cies could shed light on these issues, they unfortunately
extremely limited, with only one very recent study of th
effect on the electronic density of states11 and no available
results on local structural relaxations.

The ordered-vacancy compound Yb2.75C60 ~Ref. 12! of-
fers a unique opportunity for theoretical investigation of t
relationship between vacancies and structure. The idea
identify the essential features of a model which can rep
duce the local structural relaxations in Yb2.75C60, the experi-
mental determination of which is facilitated by theordered
arrangement of the vacancies. The crystal structure of
fulleride, with 2008 atoms per unit cell, is already quite co
plex. It can be viewed as a modification of a hypotheti
Yb3C60 compound, analogous to K3C60 ~Ref. 13! and sche-
matically illustrated in Fig. 1~a!. In the ideal Yb3C60 struc-
ture, Yb cations sit at the centers of the octahedral (O) and
tetrahedral (T) holes created by the fcc lattice of pure C60.

FIG. 1. ~a! Schematic picture of hypothetical fcc Yb3C60 struc-
ture ~C60 anion radius is 3.5 Å, Yb21 radius is 1.0 Å!. Cations fill
all tetrahedral (T) and octahedral (O) interstitial sites and are
shaded gray and black, respectively. Removing oneT-site cation
~shown with arrow! leads to the fcc-based vacancy-order
Yb2.75C60 structure in~b!, with the C60 anions removed for clarity.
Eight subcells comprise the full unit cell. In the expanded sub
shown,O-site cations are significantly displaced from their ide
‘‘centered’’ positions towards the nearest vacancy, and eachT-site
cation is displaced less~drawn exaggerated! along one of the Car-
tesian axes. OtherO-site cations have been displaced towards
cancies in adjacent subcells.~c! Same Yb2.75C60 subcell as in~b! but
with the Yb cations omitted. The vacancies create three inequ
lent types of C60 anions, schematically shown with different sha
ings and shapes. Each anion rotates about the local axis indicat
maximize the number of pentagon faces oriented towards the
rounding cations.
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Systematically removing one of the eightT cations leads to
the ordered-vacancy structure of Yb2.75C60 in Fig. 1~b!,
where the full unit cell is seen to contain eight subcells, e
with a differentT-site vacancy. One such subcell, with th
C60 anions removed for clarity, highlights the large displac
ments of theO cations towards their nearest-neighbor~NN!
vacancy and the smaller displacements of theT cations along
Cartesian axes.12 The three types of crystallographically in
equivalent C60 anions with 2, 1, or 0 neighboring vacancie
and their correspondingly different coordinations of 12, 1
and 8 Yb cations, are shown in Fig. 1~c!. Also included
schematically are the different distortions of the anions14 and
the local axes about which they rotate in order to orient th
pentagonal faces towards the NN cations.

In this paper, we show that the effects ofT-cation vacan-
cies on the structure of Yb2.75C60 can be understood within
simple electrostatic model. This allows us to evaluate
dominant contributions to the energies associated with a
the structural features described above: vacancy forma
cation displacements, and C60 orientations and distortions
While the results are inherently not highly quantitative, th
do serve to rationalize these very different types of structu
relaxations and to establish a hierarchy of energies assoc
with them. Furthermore, because the model used here
not incorporate any features specific to Yb-C60 bonding,
these results can be applied more generally to the bro
class of alkali-metal and alkaline-earth fullerides.

Our analysis of vacancy energetics focuses on the c
parison of the fully occupied ideal Yb3C60 structure in Fig.
1~a! with a phase-separated mixture of the observed vaca
ordered Yb2.75C60 structure and Yb metal. For these tw
structures, we compute the relative energies of steps
Born-Haber cycle, taken with respect to a reference sys
of undoped fcc C60 and isolated neutral Yb atoms. The ste
are ~i! ionizing the Yb atoms into Yb2112e2,15 ~ii ! con-
densing any excess Yb atoms into Yb metal,~iii ! completely
transferring the ionized electrons from Yb to the C60 mol-
ecules, and~iv! assembling the cations and anions into
crystal. Since the electrostatic energy is clearly the larg
single contribution to the structural energetics in these s
tems, it is expected to dominate the energy differences
tween the configurations of interest. Accordingly, we a
proximate the relative energies in steps~iii ! and ~iv! by the
electrostatic energy differences alone. The ions are mod
with point charges, and the Ewald method16 is used to evalu-
ate the resulting Coulombic sums. Experimental structu
parameters are used to incorporate the effects of short-r
repulsive interactions between the Yb cations and C60 an-
ions. The parameters from Ref. 12 are slightly simplified
taking a5b5c527.8733 Å ~i.e., ignoring the , 0.4%
orthorhombic distortion! and by assuming complete occup
tion of the octahedral sites. All energies are given in eV
Yb3C60 formula unit, or equivalently, in eV/C60.

We begin by computing the relative formation energies
two hypothetical structures, ideal Yb3C60 and ‘‘unrelaxed’’
Yb2.75C60. The latter is obtained by removing the requis
Yb T cations while keeping the remaining cations frozen
their hole-centered positions. The Yb ionization energies
Eion555.29 and 50.68 eV for ideal Yb3C60 and unrelaxed
Yb2.75C60, respectively.15,17The excess 0.25 Yb atoms in th
latter are condensed into Yb metal, giving a cohesive ene
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gain Ecoh520.4 eV.18 The total electron affinity in Yb3C60

is approximated as six times the first electron affinity for C60

~Ref. 19! plus the electronic self-energy, which is modeled
the minimum energy of six classical point electrons on
uniform spherical shell of radius 3.5 Å;20 the result is a net
energy costEea5215.90141.04525.14 eV. The analogou
energy for transferring 5.5 electrons to C60 in Yb2.75C60 is
approximated by interpolating the self-energy between in
ger numbers of electronsn52, 3, 4, and 6 with a second
order polynomial inn, yielding Eea5214.58133.17518.59
eV. Finally, the ions are assembled into their fcc-based st
tures, giving Madelung energiesEMad5291.43 eV for
Yb3C60 and 277.65 eV for Yb2.75C60. Comparing the total
formation energyEform5Eion1Ecoh1Eea1EMad5211.00 eV
for ideal Yb3C60 with Eform528.78 eV for unrelaxed
Yb2.75C60 shows that the larger Madelung energy gain
forming Yb3C60 exceeds its larger ionization and self-ener
costs, and thus creatingT-site vacancies in unrelaxe
Yb2.75C60 is endothermic:DEform52.22 eV.

The possible relaxation-energy gains associated with
cancy formation must now be considered. One obvio
source is the displacement of eachO-site Yb cation towards
its NN vacancy@see Fig. 1~b!#. The equilibrium value for
this displacement, determined by the balance of electros
forces and short-range repulsion between the cations
their neighboring anions, is known from experiment to
extremely large, viz., 2.41 Å.12 Using this value leads to a
computed energy gain of22.32 eV. The much smaller off
center displacements of theT-site cations (;0.3 Å! contrib-
ute just20.009 eV on their own, but combined with those
theO-site cations lead to a small cooperative interaction a
a total relaxation-energy gainEdispl522.40 eV.

The above calculations assumed that the charges on
C60 anions are given by the average number of electrons
C60, i.e.,25.5e.15 The crystallographic inequivalence of th
anions @see Fig. 1~c!#, however, makes favorable th
prospect14 of transferring electrons from C60 (1), with 12 NN
cations, to C60 (3), which has only 8. We investigate thi
possibility by allowing the inequivalent C60 (1), C60 (2), and
C60 (3) anions to have correspondingly different charg
2q1e, 2q2e, and2q3e, with the only constraint being tha
(q116q21q3)/855.5. Minimizing the quantityEMad1Eea
with respect toqi gives q156.3, q255.5 andq354.7. The
charge of C60 (2) is unchanged, while 0.8e2 is indeed trans-
ferred from C60 (3) to C60 (1), confirming the predictions of
Ref. 14 and roughly consistent with the vacancy-poten
screening by intermolecular charge transfer in Ref. 11.
calculate the energy associated with this charge redistr
tion process,21 Eredistr, to be just20.17 eV ~reflecting the
nonlinear self-energy of electrons on C60). Adding Eredistr to
Edispl gives a relaxation energy gain of22.57 eV, which is
essentially equal~within the estimated accuracy of our ca
culations! to DEform52.22 eV.

We now consider the additional relaxation energy that c
come from optimizing the orientation of the C60 anions with
respect to their anisotropic environment of NN cations. T
largest contribution to the orientation energy is the elect
static interaction between the charge density of electr
transferred to C60, anisotropically distributed over its
surface,22,23 and the neighboring Yb21 cations. To calculate
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this orientational interaction energy obviously requires go
beyond approximating the C60 anions as uniformly charge
spherical shells. Based on comparisons with chem
analogs14,22,23 and first-principles calculations of C60

62 ,24

which show that the transferred charge density is prima
associated with the pentagons, we model a C60 anion as a
truncated icosahedron with equal point charges localize
the centers of its 12 pentagonal faces and positioned 3
from its origin.25 For a single cation neighbor, the C60 anion
will orient itself to minimize the distance between one of t
point charges and the cation, mimicking the preference fo
cation to be over a pentagonal face. Such an attraction
tween C60 pentagonal faces and neighboring cations was
served in~Ba21)3C60

62 ~Ref. 26! and was found to be an
important component in achieving the best Rietveld refi
ment of the Yb2.75C60 structure.12,27

The orientational interaction energy,EQ , was investi-
gated using the set of$111% axes established in the x-ra
structural determination;12 these axes are shown in Fig. 1~c!.
Each C60 anion is rotated by the same angleQ around its
own local axis.Q is taken to be zero in the uniform referen
configuration where the twofold axes of the C60 anion are
aligned along the Cartesian axes.28 As shown in Fig. 2,EQ

for both Yb3C60 and Yb2.75C60 depends strongly onQ and
exhibits a pronounced minimum atQ537.5°, consistent
with the x-ray refinement results.12,27 However, because o
the large displacements of theO-site cation in Yb2.75C60, a
greater degree of pentagon-cation interaction is achieved
sulting in an appreciable energy gain relative to id
Yb3C60: DEQ520.97 eV. While we expect our simpl
point-charge model for distributing charge on C60 to overes-
timate theabsolute magnitudeof the orientational depen
dence of the energy, the scale of the calculateddifference
DEQ is meaningful, thereby demonstrating the importance
this effect for stabilizing the observed vacancy-orde
phase.

For completeness, we consider the small relaxation
ergy that can arise from distorting the C60 anions. Even a
symmetrically shaped C60 anion with a uniform charge dis
tribution will be distorted by the anisotropic crystal field
NN Yb cations@see Fig. 1~c!#, and such distortions will be
still greater when the C60 anion charge distribution is itsel
anisotropic.14,22–24 Indeed, recent x-ray absorption and R

FIG. 2. Angular dependence of orientational interaction ene
in the Yb2.75C60 and ideal Yb3C60 structures due to rigid rotation o
all C60 anions about local$111% axes.
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man measurements in Yb2.75C60 show clear evidence for sig
nificant shape deformations of the C60 anions.14 We calculate
the relative distortion-energy gainDEdistort using the same
point-charge model as in the calculation ofEQ , with the
charges allowed to move radially relative to their ideal po
tions in theQ537.5° orientation. The stiffness of the C60
anion is modeled by connecting the charges to the an
center with harmonic springs whose spring constant is c
sen to reproduce the observedAg(1) radial breathing mode
frequency of ;500 cm21.29 The associated relaxation
energy gain is20.32 eV in Yb2.75C60 and 20.28 eV in
Yb3C60, giving DEdistort520.04 eV. The outward displace
ments of charge~ranging from 0.01 to 0.04 Å! are somewhat
smaller than the C-atom displacements inferred from the
ray absorption data,14 suggesting that our model underes
mates the absolute distortion energies. Regardless of this
derestimation, however, the scale of the differenceDEdistort
is small, indicating that the distortion contribution to the to
relaxation energy is small as well.

Our study of the formation and stability of Yb2.75C60 re-
veals the central role played by vacancy-induced struct
relaxations. The underlying mechanism responsible for th
relaxations is the strong interaction between the anisotr
cally arranged divalent Yb cations and the anisotropica
distributed charge on the C60 anions. As shown here, thi
interaction can be investigated through a relatively straig
forward analysis of electrostatic energies, and does not
quire invoking any chemical behavior peculiar to Yb. I
deed, the same ordered-vacancy structure has been obs
in both Ca-~Ref. 27! and Sm-doped30 C60 compounds. Ap-
plication of our model in these seemingly unwieldy syste
~with 2008-atom unit cells! makes clear the relationship be
tween the long-range-ordered vacancies and the cryst
graphically inequivalent, orientationally ordered C60 anions.
A T-site cation vacancy leads to theO-site cation displace-
ments, which in turn amplify the orientational cation-anio
interactions. Onlyone T-site vacancy per subcell is neede
to induce displacements ofall cations, making the formation
of additional vacancies unfavorable. This naturally expla
the observed Yb2.75C60 stoichiometry.

Given the unsophisticated nature of our model and
structural complexity of this system, it is appropriate to d
cuss the validity of such apparently simple findings. From
practical viewpoint, fulleride compounds with symmetr
breaking vacancies~regardless of whether or not they a
ordered! impose severe limitations on any theoretical ana
sis. This means it is very difficult to calculate effects th
might be considered indispensable in more quantita
analyses of simpler fullerides,24 such as orbital splittings o
C60 energy levels,11,31quantum mechanical corrections to th
electron charge distribution,32 electron correlation and
screening energies,11,33and detailed intramolecular distortio
energies.34 However, because metal-intercalated fullerid
are ionic systems,35,36 we regard these effects as desirab
but not essential corrections to the dominant electrostatic
ergies. It is on this basis that we believe our electrosta
model reliably captures the most important structural en
getics associated with the formation of cation vacancies
their attendant local relaxations.

A subject of recent debate has been the question ofT-site
vacancies and off-center displacements forO-site cations in
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several fcc-based alkali fullerides.3,4,8,10 Our model can be
readily rescaled for monovalent fullerides, and doing
clearly shows that the electrostatic force between anO cation
and a neighboringT-site vacancy is very large. Therefore,
systems such as Rb3C60, which do exhibitT-site vacancies,2

the surroundingO-site cations will definitely undergo off
center displacements towards that vacancy@see Fig. 1~b!#,
limited only by the constraint of cation size. Such displac
ments are expected to be more difficult to detect than
Yb2.75C60 because of the disordered arrangement of the
cancies. The displacements are also expected to strongl
hibit any vacancy hopping, a process which has been
cently proposed8 and challenged experimentally10 in
P.

ts
,

d

o

-
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a-
in-
e-

explaining the splitting ofT-site NMR lines in Rb3C60.
In summary, a simple model is used to analyze the str

tural energetics of the ordered-vacancy compou
Yb2.75C60. The results provide valuable insights into th
structural distortions that are locally induced by tetrahed
cation vacancies, and can be extended to the broader cla
alkali-metal and alkaline-earth fullerides for the purpose
complementing current and future experimental studies.

We thank E. O¨ zdaş, R. C. Haddon, W. Andreoni, S. C
Erwin, E. J. Mele, and P. B. Littlewood for helpful discu
sions. K.R. acknowledges the Aspen Center for Physics
the Alfred P. Sloan Foundation.
la-

a-

ics

w

re

s
,

1For example, see M. S. Dresselhaus, G. Dresselhaus, and
Eklund, Science of Fullerenes and Carbon Nanotubes~Aca-
demic Press, New York, 1996!.

2J. E. Fischeret al., J. Phys. Chem. Solids56, 1445~1995!.
3G. B. Bendeleet al., Europhys. Lett.41, 553 ~1998!.
4G. Nowitzkeet al., Phys. Rev. B54, 13 230~1996!.
5C. Penningtonet al., Phys. Rev. B54, 6853~1996!.
6R. Lof et al., Phys. Rev. Lett.68, 3924~1992!.
7R. E. Walstedtet al. Nature~London! 362, 611 ~1993!.
8G. Zimmeret al., Phys. Rev. B53, 5620~1996!.
9T. Yildirim et al. Phys. Rev. Lett.77, 167 ~1996!.

10K. Gorny et al., Phys. Rev. Lett.79, 5118~1997!.
11O. Gunnarsson, Z. Phys. B104, 279 ~1997!.
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