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We construct a thermodynamic Born-Haber cycle to predict formation energies of donor- and
acceptor-based Ceo fullerite intercalation compounds with different stoichiometries. Energies associ-
ated with the individual steps in the cycle contain important related information such as the lattice
constant, bulk modulus, and phonon spectra of the compounds. Our results indicate that alkali and
alkaline-earth intercalated fullerite compounds are most stable.

I. INTRODUCTION

The successful bulk synthesis of fullerite,! a fcc crys-
tal based on the icosahedral Cgg structure,? has opened
an interdisciplinary field of “fullerene science” which cuts
across physics, chemistry, and engineering. Perhaps the
most exciting property of Cgo fullerite is superconduc-
tivity which occurs in the doped compound. Follow-
ing the discovery of superconductivity in K3Cgo with
a transition temperature T,=18 K, compounds have
been synthesized using a variety of intercalants,*® yield-
ing critical temperatures as high as 33 K in Cs;RbCgq.6
While T, values of doped fullerite are still below those
found in high-T. perovskite superconductors,” interca-
lated fullerite shows superior materials properties and
hence bears the higher potential for applicability. The
intercalation process and the rigid-band behavior of in-
tercalated fullerite resembles in many ways the exten-
sively studied graphite intercalation compounds.?

The crucial property of fullerite intercalation com-
pounds A, Cgo is their stability against decomposition
into the components in the standard state, i.e., Cgo
(solid) and A (solid). The formation enthalpy is of inter-
est not only for the donor compounds mentioned above,
but also for potential acceptor compounds. This quan-
tity is hard to calculate, since cohesion in these ionic
compounds is dominated by a large Madelung energy.%10
Still, even a rough estimate of the formation enthalpies
across the Periodic Table is useful when considering the
synthesis of Cgp-based materials. The difficulty of ob-
taining a reliable value for the formation enthalpy is best
illustrated by the spread of ab initio values for the forma-
tion enthalpy of K3Cgg from K metal and bulk Cgg, rang-
ing from AHY = —1.7 eV per K atom!! to AH? = —6.6
eV,!2 indicative of an extremely exothermic intercalation
process.

The approach we use in the present paper is to de-
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compose the formation process of fullerite intercalation
compounds into well-defined steps and to estimate the
energy involved in each step across the Periodic Table.
These steps are combined into a thermodynamic Born-
Haber cycle which determines the formation enthalpy.
The prerequisite for this calculation is a detailed knowl-
edge of the structure, lattice constant, and compressibil-
ity. Since this information is not available for most of the
systems discussed here, we calculate these properties, to-
gether with the phonon structure, for the compounds of
interest first. This is interesting information on its own
merit and will be presented together with the calculated
formation energies.

The paper is organized as follows. In Sec. II, we intro-
duce the Born-Haber cycle used in the calculation. Our
results for the structural and cohesive properties of ful-
lerite intercalation compounds are given in Sec. III. In
Sec. IV, we discuss our results. In Sec. V, we summarize
our results and present conclusions.

II. BORN-HABER CYCLE

The formation enthalpy AH‘f) at T =0 K of A,Cgp is
defined by

. . .\ NAHY .
nA(solid) + Cgo(solid) — A, Ceo(solid) . (1)

If AH‘f) is negative, the compound A,,Cgg is stable against
decomposition into the pure components, namely the in-
tercalant A in its solid form, A (solid), and pure fullerite,
Ceo (solid). We determine AH? by formally decompos-
ing the formation process of a fullerite intercalation com-
pound into several physically well defined steps and eval-
uating the energies involved in the individual steps. This
procedure, known as the Born-Haber cycle, has been used
to determine reaction enthalpies of complex multistage
reactions. The cycle for the formation of the donor com-
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pound Aj3Cg is illustrated in Fig. 1(a).

The first step involves the separation of the refer-
ence system into individual A atoms and Cgp molecules,
taking into account that 3 A atoms occur in the for-
mula unit of the doped solid. The energy involved in
this step is the cohesive energy of A, 3E.n(A), and
the binding energy of a Cgo molecule in Cgo (solid),
E¢on(Ceo solid). In the next step, we consider the ion-
ization of the three A atoms and the charge transfer to
the Cgo molecule. Here we have implied that Cgg can
act as electron acceptor; the electron affinity of the Cgg
molecule will be discussed later. This step requires the
energy 3I(A), I(A) being the the ionization energy of
the A atom. The three electrons are transferred from
the donor atoms to the Cgg molecule and release the en-
ergy Aot = A(Ce0)+A(Ceo™) + A(Ce027), where A is
the electron affinity. In the last step, the A* and Cgg3~
ions are combined to form the solid, thereby releasing the
formation energy Econ (A3+C¢;03_). Hence, the total en-
ergy gain during the formation of the A3t Cgo3~ system
is

AH}) = 3Ecoh(A) + Ecoh(CSO) + 3I(A) - A(CGO)
—A(Ceo™) — A(C60*”) — Econ(A3*Ce0®7) . (2)

The relatively low ionization potential of Cgg makes
it a potential electron donor, raising the question about
the stability of acceptor-intercalated fullerite. The Born-
Haber cycle for the formation of the acceptor compound
A3Cgg is illustrated in Fig. 1(b). It differs from the for-
mer one in the direction of charge transfer between the
intercalant and the matrix. The electron affinity A(A)
of the intercalant and the ionization potentials of multi-
ply charged Cgp clusters, I(Cgo™"), are required in this
step. The formation energy of the compound from the
ions, Fcon (A3'Csoa+), is defined with respect to the ap-
propriately charged ions, and is given by

AH? = 3Ecoh(A) + Ecoh(cﬁo) - 3A(A) + I(CGO)
+I(Ceo™) + I(Ce0>") — Econ(A3~Ceot) .  (3)

When evaluating the formation enthalpy using the
Born-Haber cycle, we approximated each step by the cor-
responding energy and hence have neglected the contri-
butions of nonzero temperature and pressure to AH9,

which we estimate to be of the order of < 0.1 eV. Pre-

(u)Ag“Cga

~C3+
o Az Cgg
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cise experimental data exist for the cohesive energies
Econ(A),!® the ionization potentials I(A), and electron
affinities A(A) across the Periodic Table.'4% Unfortu-
nately, no reliable experimental values exist for the bind-
ing energy of a Cgop molecule in single crystals of Cgg, and
ab initio techniques tend to underestimate the weak Van
der Waals binding between the Cgg clusters.!® Therefore,
we estimate this quantity in the close-packed fullerite
lattice using a pair bond model as E.oh(Cgp solid) =
6D(Cso — Ceo). The distance dependence of the pair
potential D(Cgp — Cgp) is given by the Morse form

D(r) = De[(1 — e PT7)2 1], (4)

where D, is the the dissociation energy of a pair of Cgg
molecules and 7. is their nearest-neighbor distance, and
where [ describes the distance dependence of the Cgo-
Ceo interaction. We use 7, = 10.04 A,17 8 =0.866 A1,
and D, = 0.8 eV based on a combination of our pre-
vious calculation for the Cgo solid!® and experimental
data.l® Recent experimental data suggest a smaller value
Econ(Cep solid) = 1.76 eV (at T' = 0 K) for polycrys-
talline Cgo films.?% As we will show later on, an accu-
rate value of the cohesive energy is not crucial for the
stability of the compounds since it is partly or mostly
compensated in the formation of the compound with the
same fcc crystal structure. It only has a small influence
on the formation energy of the AgCgo phase with a bcc
structure, and a small inaccuracy in E.o,(Cgo solid) will
not reverse the conclusions we draw.

We use the experimental results for the electron affin-
ity of neutral Cgo, A(Cg0)=2.74 €V,?! and the ionization
potential I(Cgo)=7.544-0.04 eV.22 We note that the elec-
tron affinity of Cgp is only slightly smaller than that of
the electronegative elements in group VIIA, which makes
the Cgp molecule a good electron acceptor. On the other
hand, the ionization potential of the Cgo molecule lies
close to that of electropositive Mg, which makes the Cgo
molecule a good electron donor as well. When calculat-
ing the higher electron affinities and ionization potentials,
we modify the above values by the electrostatic energy
which occurs during the attachment or detachment of
electrons from a charged sphere with the Cgy molecule
radius R = 3.5 A. The calculated total ionization poten-
tials and electron affinities are summarized in Tables I
and II. These estimates are in good general agreement

[3A*(atom) + C3j(cluster)]

[3A-(atom) + C (cluster)]

3I(A)- A(Ceo)— A(Ca0)~ A(CE)

3A(atom) + Ceo(cluster)
Eeon(A3C5) 3E.a(A) +
Eeon(Coo)

A(solid) + Cgy(solid)

3E.n(A) +
Econ(Ceo)
A(metal) + Ceosolid)

3AHY 34HY

A% C3; (compound)

=3A(A)+1(Ceo)+I(CE)+1(CE)

3A(atom) + Ceo(cluster)

FIG. 1. Born-Haber cycle used to predict
the formation enthalpy AH }’ of (a) donor and
(b) acceptor Ceo fullerite intercalation com-
pounds.

Eeon(A7 C33)
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TABLE I. Total ionization energy Iiot corresponding to the process Cgo — Ceo™t + ne™.
Final-state configuration Ceo™ Ceo?t Ceo®t Ceo®t Ceo2T
Lot (eV)? 7.54° 19.20 34.96 106.98 362.07
19.00°
2The first line contains data used in our calculation.
PExperimental value of Ref. 22 based on photoionization.
°Experimental value of Ref. 23 based on photoionization.
with available experimental data of Refs. 23-26. In par-  V;2M(r) (Ref. 28) as
ticular, there is experimental evidence for a linear depen-
dence of the ionization potentials and electron affinities Epym = Z V};M(T) . (7

on the final-state charge.?”

The formation energy E.on(An*Cego™ ) of the inter-
calation compound from the ions depends strongly on
the structure. Here, we consider the ACgp and A3Cgo
solid with the fcc structure, and the AgCgo solid with
the bee structure.® Eqon(An+Cgo™ ) can be decomposed
into three terms,

—Econ(AntCe0™ ") = EMadelung + EBm
Z _ _
“ED(CGOn —Ce"7). (5)

The factor Z in the pair potential term denotes the co-
ordination number of the Cgp molecules, which is 12 in
the close-packed fcc structure and 8 in the bee structure;
Egy denotes the Born-Mayer-type repulsive energy.

The formation of intercalation compounds is driven by
a large gain in Madelung energy. We consider a complete
charge transfer between the intercalants and the Cgg clus-
ters, in agreement with ab initio results of Refs. 11 and
12 for the alkali compounds. We express the Madelung
energy per unit cell as

EMadelung = _aq2/a . (6)

Here, g is the charge on the intercalant and a is the lat-
tice constant of the conventional cubic unit cell. The
Madelung constants for the different structures have been
evaluated using the Ewald method. Our values are in
agreement with previous results®1° and are listed in Ta-
ble ITI. Note that the Madelung constants for A3Cgp and
AgCgp are extremely large when compared to the ACgg
compound. This fact is mainly due to the large number
of neighboring counter ions for each Cgo cluster.

The gain in Madelung energy is only partly compen-
sated by the (mainly) closed-shell repulsion between the
A+ and the Cgo®~ ions in the lattice. An accurate knowl-
edge of this repulsive interaction is necessary since it
affects not only the cohesive energy, but also the equi-
librium structure and compressibility of the bulk com-
pounds. We model this closed-shell repulsion energy
Egym by pairwise Born-Mayer-type repulsive potentials

i<j

The pairwise potentials have been parametrized as®®

VEM(r) = age %, ®)
where
. . ri+r;
'a¢j=b(1+—zl+—zi>e_91- (9)
n; nj

Here, z; and z; are the valences of the two interacting
ions, n; and n; are the numbers of valence electrons in
the outer shells of the ions, and 7; and r; are the ionic
radii. The valences have negative signs for electronega-
tive ions. We use n = 8 for all simple ions except for Li
where we use n = 2. We neglect the z/n term at the Cgq
sites due to the large number of valence electrons on the
Cgo molecule. We use p = 0.345 A for the characteristic
length of the Born-Mayer repulsion across the whole Peri-
odic Table.?® For ion pairs containing a Cgp molecule cor-
responding to the index j in Eq. (9), we use r; = 7(Cgo)
and express b as b = bexp[—7(Ce0)/p]. We determine the
value of b using the observed structural and elastic prop-
erties of K3Ceo (Ref. 29) and find b = 1.76 x 10° eV. We
find that this value of b fits the properties of Rb3Cgg,2%:3°
and use it for all other intercalation compounds as well.
In Eq. (7) we only consider repulsive interactions between
the Cgp sites and the neighboring intercalant ions. We
find that the non-Coulombic (mainly closed-shell) repul-
sion between the intercalant ions can be neglected due to
their small ionic radii and large separations.3! Of course,
the interionic Coulomb repulsion is taken care of in the
Madelung energy.

Finally, the intercalated solid is further stabilized by
attractive interactions between neighboring Cgo®~ clus-
ters, stemming from weakly overlapping valence orbitals
and Van der Waals interactions. Again, we decompose
these interactions energies into pairwise energies. In the
A3Cgp compound, the energy gain associated with at-
tractive Cgo-Cgo interactions is 6 D(CGOS_ — C603"). As
discussed, the Coulomb repulsion part of this pairwise
interaction is taken care of in the Madelung energy. In

TABLE II. Total electron affinity Aot corresponding to the process Ceo + ne~ — Cgo™ ™.
Final-state configuration Ceo ™ Ce02~ Ceo®™ Ce0®™ Ceol?™
Aot (eV) 2.74% 3.42 1.09 —24.65 —173.06

2Experimental value of Ref. 21.
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TABLE III. Madelung constants « for the structures con-
sidered in this publication.
Structure «
ATCeo™ 3.4951
A3t Ceo® 22.1220
AsTCoo®~ 56.2670

this context, we note that the inhomogeneity in the in-
duced charge on the surface of the Cgo molecules does
not change the crystal energy, since the corresponding
interactions average to zero in the crystal. On the other
hand, the extra charge on a Cgo molecule, which itself
has 240 valence electrons, has a negligible effect on the
non-Coulombic part of the interaction between a pair
of Cgo molecules. Consequently, D(Caoa_ - C603") =
D(Cgo — Ceo). This fact explains why AH}) is not sensi-
tive to D(Cgo — Ce0), as mentioned above. In the case of
ACgo and A3Cgg, the pristine and the intercalated solids
have the same structure. Then, the contribution of Van
der Waals interactions between Cgo molecules to AH?
stemming from the first and the last step of the Born-
Haber cycle will nearly cancel.

III. STRUCTURAL AND COHESIVE
PROPERTIES OF FULLERITE INTERCALATION
COMPOUNDS

The energies associated with the individual steps in the
Born-Haber cycle depend sensitively on the equilibrium
structure of the corresponding compounds. Especially,
the large Madelung energies which stabilize the interca-
lated compounds are balanced by repulsive interactions
which in turn are closely related to the elastic properties
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of the compounds. In order to calculate these energies
with adequate precision, we found it necessary to obtain
accurate estimates of the equilibrium lattice constants
and bulk moduli for all compounds of interest.

Pristine fullerite is a face-centered cubic solid at room
temperature, with Cgo occupying the Bravais lattice
sites. The conventional cubic unit cell has a large lat-
tice constant a = 14.20 A.17 The lattice contains two
types of interstitial sites, namely the smaller tetrahedral
and the larger octahedral sites, which can be occupied by
intercalants. There are two tetrahedral sites and one oc-
tahedral site per Cgp in the lattice. Using rc = 0.92 A for
the atomic radius of carbon3? and 3.5 A for the radius of
the Cgp molecule, we find that the diameter of the larger
octahedral cavity is ~5.4 A and that of the smaller tetra-
hedral cavity is ~3.5 A. These large sizes guarantee that
especially the octahedral cavity can host any element in
the Periodic Table. In the alkali intercalated (and super-
conducting) A3Csp compound,® which is the most stable
phase for the alkali systems, all octahedral and tetrahe-
dral sites are filled. We found it instructive to compare
formation energies in this compound to the ACgy phase
with the NaCl structure, where the intercalants occupy
only the octahedral sites. Upon prolonged exposure of
fullerite to the intercalant metal vapor, a transition from
the fcc A3Cgo phase to the saturated phase AgCgo with
the body-centered cubic structure is observed.33 In this
case, each Cgg molecule is surrounded by 24 intercalant
ions.

As in graphite intercalation compounds, the stability
of each of these phases is determined by the energetics
of electron transfer between the intercalant and the Cgg.
For a given element, this energetics is given by the re-
lationship between the ionization potential and electron

(a) AC60 (b) A3C60 (C)A5C60
(A"LCGO ATRCRy AP CRf | ATCdy | | Afcdy | AR Oy | A3l a5 el | | AdCy |ARTCls | A§TCs | Ag Cif
Li Be O | F | Li Be ¢ F Li Be ¢ F
a=14.14A a=11.97A a=14.00A a=14.16A 2=13.95A a=13.34A a=13.72A a=14.27A a=10.92A a=10.114 a=10.57A a=11.284
B=0.20M Bar B=0.27MBar B=0.26MBar B=0.20MBar B=0.30MBar B=0.74MBar B=0.64MBar B=0.26MBar B=0.49MBar B=1.86MBar B= 1.60MBar B=0.43MBar
BHY =074V | AND=13.MeV | AHD =468V | AH = 150eV | AH)=-078eV | AA?=8.10eV | AHY=563V | AH) =213V AH)=-062V | AHY =876V AHY =1146eV | AHY = 4.06eV
T Na | Mg | S | CI Na Mg S Cl Na Mg S Cl
a=14.14A a=13.97A a=14.07A a=14.23A a=14.014 a=13.384 a=14.34A a=14.96A a=11.00A a=10.16A a=11.16A a=11.91A
B=0.20MRar B=0.27MBar 1B=0.26MBar B=0.19MBar B=0.30MBar B=0.72MBar B=0.51MBar B=0.19MBar B=0.48MBar B=1.83MBar B=1.34MBar B=0.33MBar
AHY =002V | AN =648V ANY =395V | ANY =204V AR)=-145V | AH?=155V | AHY =648V | OH?=3.29eV AH) = -128eV [ AHNY = 2.3deV AHY =13.25eV | AHY = 5.19¢V
| K | Ca Se Br K Ca Se Br K Ca Se Br
a=14.16A a=13.984 a=14.12A a=14.28A a=14.24A a=13.47A a=14.62A a=15.26A a=11.26A a=10.28A a=11.40A a=12.16A
B=0.20MBar B=0.27MBar B=0.25MBar B=0.19MBar B=0.26MBar B=0.70MBar B=0.46MBar B=0.16MBar B=0.43MBar B=1.76MBar B=1.24MBar B=0.30MBar
AHY =095V | AlY=214eV | AN =385V | AH) = 2230V AH) = -2.09V | AHY = -249V | AHY=691eV | AH) =3.67eV AH)=-187eV | AH}= -1.36eV AHY=13.98¢V | AHJ = 5.54eV
Rb ~Sr Te I Rb Sr Te I Rb Sr Te 1
a=14.17A a=13.984 a=14.24A a=14.38A a=14.41A a=13.54A a=15.15A a=15.80A a=11.434 a=10.37A a=11.834 a=12.56A
B=0.20MBar B=0.27MBar B=0.24MBar B=0.1RMBar B=0.24MBar B=0.68MBar B=0.39MBar B=0.13MBar B=0.40MBar B=1.72MBar B=1.10MBar B=0.26MBar
AHY = —1160V | AN = 0.78V AHY=4.09V | AH) = 2700V AHY = -212V | AH)=-3.63eV | AHP=80leV | AH)=431eV AH} = -1.8%V | AH) = -220eV AHY=1548eV | AH} = 6.15eV
Cs | Ba Cs Ba Cs Ba
a=14.20A a=14.00A a=14.69A a=13.70A a=11.69A a=10.56A
B=0.20MRar B=0.26MBar B=0.21MBar B=0.64MBar B=0.36MBar B=1.61MBar
AHY = —1LALV | ANY = -0.50eV AH = ~2.10eV | AHJ = —4.4leV AHJ = —1.88eV | AHP= -266eV

FIG. 2. Predicted equilibrium lattice constant a, bulk modulus B, and formation enthalpy AH? for different Cego fullerite
intercalation compounds A,Ceo. Three different stoichiometries are considered: (a) A1Ceo (fcc structure), (b) AsCeso (fcc
structure), and (c) Ag¢Ceo (bcc structure). Results are presented for elements A from the IA, ITA, VIA, and VIIA groups of

the Periodic Table.
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affinity of the intercalant atom and the Cgq molecule, re-
spectively. As we discussed in Sec. II, Cgg can act both as
electron donor and electron acceptor. Consequently, both
acceptor and donor elements can, in principle, be interca-
lated in fullerite. We investigate donor intercalants from
groups IA and ITA and acceptor intercalants from groups
VIA and VIIA and summarize our results in Fig. 2.

We determine the equilibrium lattice constant a of
the compound by maximizing the cohesive energy of
the intercalated solid with respect to the isolated ions,
Eeon(A,TCeo™™) (or the corresponding acceptor com-
pound), using the expression in Eq. (5). The bulk mod-
ulus B is obtained from the second derivative of E..y(a)
with respect to a in the equilibrium geometry. The dis-
tance dependence of D(Cgo—Ceo), FMadelung, and Epm
in the intercalated solid has been discussed in Egs. (4),
(6), and (7), respectively. Since both a and B are of in-
trinsic interest, they are also listed in Fig. 2 for all the
intercalation compounds we investigated.

Once the equilibrium structure and the elastic behav-
ior of the intercalated compounds are known, the phonon
spectra can be calculated by constructing the dynamical
matrix. These phonon spectra are important in the de-
termination of relevant phonon modes which can couple
conduction electrons and lead to superconductivity.34 In
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FIG. 4. Phonon density of states (solid line) and inte-
grated density of states (dashed line) of K3Ceo.

Phonon band structure of (a) KCso, (b) K3Ceo, and (c) Rb3Ceo.

Fig. 3 we present the phonon band structure of KCgq,
K3Ceo, and Rb3Cgp along the high-symmetry lines in
the Brillouin zone. The corresponding phonon density
of states for the superconducting compound K3Cgg (Ref.
3) is shown in Fig. 4. The calculated phonon spectrum
is characterized by low-lying Cgo-derived acoustic modes
which show little or no hybridization with high-frequency
alkali-derived optical modes, which can be understood as
Einstein modes.

From our results in Fig. 2 we conclude that the lat-
tice constant a increases with increasing atomic number
of the intercalant within the same group. The decrease
of a when comparing neighboring alkali and alkaline-
earth elements is due to the larger Madelung energy in
the divalent donor-based solid. A similar trend is found
when comparing neighboring group-VIA and group-VIIA
elements, where group-VIA-based compounds have the
smaller lattice constant. We find intercalant-induced
changes of the lattice constant to be relatively moderate
due to the large size of the interstitial sites in fullerite.
Opposite and much more pronounced trends as for the
lattice constant are found for the bulk modulus B. The
main reason for this fact is the strongly anharmonic in-
terionic repulsive interaction which leads to stiffer bonds
at smaller values of the lattice constant.

The most important information which comes from our
calculations is the formation energy AH ? of intercalated
fullerite. As seen from our results in Fig. 2, we expect
only alkali and heavy alkaline-earth elements to form sta-
ble fullerite intercalation compounds, indicated by the
negative sign of AH?. As we discuss in the following
section, the trends across the Periodic Table can be un-
derstood from the delicate balance between the Madelung
energy, ionization potentials, and electron affinities of the
intercalant atoms.

IV. DISCUSSION

The results for the formation enthalpies, presented in
Fig. 2, can be interpreted as resulting from several trends
across the Periodic Table. The heats of formation are
dominated by the Madelung energy which, for a given
group, does not change significantly due to only mod-
erate changes of the lattice constant. More important
are the changes of the ionization potential and electron
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affinity between elements in the same group which en-
ter in the second step of the Born-Haber cycle, shown
in Fig. 1. Due to the decreasing ionization potential of
groups-IA and -ITA elements with increasing atomic num-
ber, the heavier elements get ionized more easily. This
is reflected in larger absolute values for the reaction en-
thalpies, which are indicative of a strongly exothermic
intercalation process, in agreement with the experimen-
tal trends.®*4 An analogous decrease of the electron affin-
ity with increasing atomic number occurs in groups VIA
and VIIA. The heavier intercalants are less likely to ac-
cept electrons and are consequently less reactive. This
leads to an increasingly endothermic behavior during the
intercalation process of heavy group-VIA and -VIIA ele-
ments.

‘We assume that group-ITA elements are doubly ionized
which is more difficult to achieve than the single ioniza-
tion of their alkali neighbors. This results in a smaller
energy gain (or even a loss) during the intercalation pro-
cess. For the acceptor elements, attachment of two elec-
trons in the VIA group is much more difficult than of a
single electron in the halide neighbor, resulting in larger
energy losses predicted for the intercalation of group-VIA
elements as compared to group-VIIA elements. .

A more detailed discussion of the formation enthalpies
of fullerite intercalation compounds is presented, group
by group, in the following subsections.

A. Group IA

In the most dilute system with the ACgo stoichiome-
try, only Li does not form a compound, mainly due to the
large cohesive energy of the Li metal and the high ioniza-
tion potential of the Li atom. Na has a smaller cohesive
energy and a lower ionization potential than Li which
makes the compound with NaCl structure marginally
stable. The Na atom is much smaller than the inter-
stitial sites and is likely to be in off-center geometry.
The additional gain in Madelung energy (with respect
to the high-symmetry geometry) is likely to further sta-
bilize this compound. The radii of group-IA intercalant
elements never exceed the size of the octahedral cavity,
resulting in very small changes of the lattice constant and
bulk modulus. On the other hand, the cohesive energies
and atomic ionization potentials of alkali metals steadily
decrease from K to Rb and Cs, which is reflected in the
increased stability of the intercalation compounds with
the heavier elements.

In the A3Cgg phase, all the alkali elements form sta-
ble intercalation compounds due to large Madelung ener-
gies. The calculated energy gain per atom in this phase
is larger than in the ACgo phase, which is confirmed by
the experimental observation that the A3Cgo phase does
not decompose into ACgg and the pure metal. The occu-
pation of the smaller tetrahedral sites in the A3Cgo phase
makes these structures stiffer, which is reflected in a sig-
nificantly larger bulk modulus. K3Cgp and Rb3Cgo are
the most thoroughly investigated fullerite intercalation
compounds to date.3429:30:35,36 A5 we mentioned in Sec.
II, the calculated repulsive interactions are based on the
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observed lattice constant and bulk modulus of K3Cgg.
We test our predictions in Rb3Cgp, where we find our
predicted lattice constant a = 14.41 to be in close
agreement with the experimental value aexpt = 14.49
A,29:30 and the predicted bulk modulus B = 0.24 MBar
to be in similar agreement with the experimental value
Bexpt = 0.22 MBar.2°

As shown in Fig. 2(c), all alkali compounds AgCgo with
the bcec structure are stable. This has been confirmed by
the successful synthesis of the AgCgp compounds, where
A = Li, Na, K, Rb, and Cs.33:36739 The observed insulat-
ing behavior of these compounds is easily understood by
the complete filling of the ¢1, orbital of the Cgo molecules
by six donor electrons. The bcc structure of the AgCgg
phase has a smaller packing fraction than the fcc lat-
tice. There are only octahedral interstitial sites in this
structure, three per Cgp molecule, all of them filled by
four alkali atoms (each alkali atom belongs to two neigh-
boring octahedral sites). The intercalants are well sep-
arated from each other by a nearest-neighbor distance
which is 2 1 A larger than the bond length in the alkali
metal. As we mentioned before, the Born-Mayer repul-
sive energy between the intercalants is negligibly small in
this geometry.3! The electrostatic attraction between the
Cgo®~ molecules and the large number of alkali counter
ions reduces the distance between nearest-neighbor Cgg
molecules by ~ 0.2 A with respect to the value in pris-
tine fullerite. We find the absolute value of the Madelung
energy to be much larger in the AgCgo than the A3Cgp
phase, in spite of the strong Coulomb repulsion between
four intercalant ions at the same octahedral site. The
energy gain per intercalant atom in the AgCgp phase
is only slightly smaller than in the A3Cgp phase. The
negative sign of AH? shows that the AgCgo phase can
be formed by intercalating A into the A3Cgo phase; the
slightly smaller value of AH' }) indicates that AgCgg is the
saturated phase. We find the reaction

A3C60 + 3A(metal) -A—E> Asceo (10)

to be exothermic with AF = —4.95 eV in the case of
K, which indicates that AgCgo will not decompose into
A3Cgp and the metal A. On the other hand, one can
speculate about the possibility of synthesizing the AzCgq
compound by mixing the pristine Cgo solid and the sat-
urated AgCgo compound, as

Cso(SOlid) + AsCoo -A—E> 2A3Cq . (11)

In the case of K, we find this reaction to be exothermic
with AE = —1.32 eV. This “back titration” is used as
a well-defined synthesis process for K3Cgo (Ref. 29) and
Rb3Cg0.37 The bulk modulus of the AgCgo alkali com-
pounds is considerably larger than in the other phases
since all interstitial sites are occupied by four intercalant
atoms. We find our theoretical value for the lattice con-
stant of KgCgo, a = 11.26 A, to be in close agreement
with the experimental value aeyp; = 11.39 A.33
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B. Group ITA

We assume in our calculations that the group-IIA ele-
ments transfer both of their valence electrons to Cgg in
the compound. We find that among these elements, only
Ba is stable in the ACgg phase. The lattice constant
of alkaline-earth intercalation compounds is smaller than
that of the comparable alkali compounds, mainly due to
the larger value of the Madelung energy. This decrease
of the lattice constant from group IA to group IIA is re-
flected in an increased bulk modulus B. As in the alkali
compounds, we predict that the bulk modulus does not
change from the heavy to the light intercalants.

In the A3Cgo phase, we find the compounds of Ca,
Sr, and Ba to be stable. The lattice constants decrease
considerably as compared to the ACgy phase, which is
accompanied by a strong increase in B. Superconduc-
tivity at 8.4 K has been observed in Ca intercalated ful-
lerite with simple cubic structure and the stoichiome-
try CasCg.> Our predictions regarding stable phases of
alkaline-earth-based compounds have been further con-
firmed by the recently observed stable phases of Sr and
Ba compounds.*°

The alkaline-earth elements, which form stable A3Cgg
compounds, also form stable AgCgo compounds. The
large difference of 11.5 eV between the formation en-
thalpies of the Be and the Ba compounds is mainly
caused by the difference of 12.3 eV between the first and
second ionization energies of these elements. Based on
our calculated formation enthalpies for the A3Cgo and
AgCgo compounds we conclude that the A3Cgo phase can
be formed by an exothermic reaction from a mixture of
pristine Cgp and AgCgp, as indicated in Eq. (11). The
strongly attractive Coulomb interactions reduce the lat-
tice constant of the Cgp matrix substantially, more in the
group-ITA than in the group-IA intercalation compounds.
In the hypothetical CagCgo compound, the lattice con-
stant is 0.98 A smaller than in the corresponding com-
pound of the neighboring element K; the corresponding
reduction of the Cgp-Cgp nearest-neighbor distance in the
Ca compound is 0.85 A. This closer packing is reflected
in the bulk moduli. In the AgCgo phase, typical values
of B are more than twice as large as those in the more
dilute A3Cgo phase, and comparable to metallic Fe.

As we pointed out above, the inability of Mg to form a
stable intercalation compound is mainly due to its large
first and second ionization potentials. At this point, it
is instructive to speculate whether a stable compound
could be formed based on Mgt. We have performed the
calculations for the Born-Haber cycle of Mgn+060"_ and
compared the results to those for Na,, T Cgo™ ™ and found
that the equilibrium structures are very similar and most
steps are energetically equivalent. The main difference
between Nat and Mg* based compounds is the first ion-
ization potential of the atoms, which is 7.65 eV for Mg
and 5.14 eV for Na. This reduces the formation enthalpy
of fullerite compounds based on monovalent Mg by 2.5 eV
with respect to comparable Na compounds, and hence
makes the Mg,, " Cgo™~ compounds unstable. The only
possibility for a Mg-based fullerite compound to be sta-
ble exists if the bonds between Mg intercalants and the
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Cgo matrix are covalent. This seems to be confirmed by
the recent synthesis of a Mg-based Cgp compound which
has nonmetallic character.40

In the following section, we will turn to acceptor inter-
calants, starting with the halide group.

C. Group VIIA

We find that none of the halide compounds are stable
with respect to pure Cgg and the halide gas. In order
to understand this fact, we compared the individual en-
ergies occurring in the Born-Haber cycles of alkali and
halide compounds in the same row of the Periodic Ta-
ble. We found that the energy associated with the first
step, involving the vaporization of solid Cgg and disso-
ciation of molecular halide, and the last step, namely
the formation of the intercalation compound from the
respective ions, are very similar for the different group-
TA and -VIIA systems. The large difference occurs dur-
ing the ionization step on the atomic level, as we can
illustrate for the A3Cgp compound. We find that the en-
ergy necessary to ionize an alkali atom is very similar to
the-energy gain associated with electron attachment to a
halide atom. Yet the energy to triply ionize a Cgq cluster,
I = 34.96 eV, is much larger than the energy gain when
attaching three electrons to a Cgg molecule, A = 1.09 eV
(see Tables I and II). The large ionization energy of Cgg
enters the Born-Haber cycle for halide intercalation com-
pounds, and hence can be viewed as the cause of their
instability.

The arguments used to explain the positive value of the
formation enthalpy AH }’ in the A3Cgp halide phase apply
also to the ACgo and AgCgo phases. The stability of
alkali compounds and the instability of halide compounds
can again be explained by comparing the vastly different
total ionization potentials and electron affinities of the
Cgo cluster for the given ionic final state, which are given
in Tables I and II.

The variation of the formation enthalpy between the
light and the heavy halides has two origins. First, the
light halides have a larger electron affinity which results
in the stabilization of the compound. Second, the lattice
constant a decreases from the heavy towards the light ele-
ments, resulting in a larger Madelung energy gain during
the formation of the solid from the ions. The decrease
of a with decreasing atomic number is accompanied by a
strong increase of the bulk modulus. There are two coun-
teracting trends which change the lattice constant from
the ACgp to the A3Cgp phase. As our results in Fig. 2 in-
dicate, the lattice expansion due to the large halide ions
occupying the smaller tetrahedral sites in the A3Cgg lat-
tice is partly compensated by the Madelung energy gain
during lattice contraction. This still applies in the hypo-
thetical AgCgo phase, where the lattice constant is sig-
nificantly smaller than in the A3Cgg compounds, mainly
due to the Madelung energy gain associated with lattice
contraction. This lattice contraction is again reflected
in the large increase of the bulk modulus in the AgCgg
phase as compared to the A3Cgp phase. Still, the bulk
moduli of halide intercalated compounds are well below
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those of comparable alkali compounds, mainly due to the
larger compressibility of the halide ions.

The arguments for the stability of halide intercalation
compounds apply, of course, only to the structures stud-
ied in this paper. Other possible structures we can think
of could contain endohedrals or halide molecules. The
latter possibility has been confirmed recently, when vary-
ing amounts of I; have been found in Cgo following ex-
posure to iodine.44? Fluorine atoms, on the other hand,
tend to form covalent bonds with Cgg, giving rise to a dif-
ferent type of compound based on fluorinated fullerenes
such as CGQF36.43

D. Group VIA

Our results in Fig. 2 indicate that group-VIA elements,
the same as group-VIIA elements, do not form stable in-
tercalation compounds. Free doubly charged group-VIA
A2~ ions are known to be unstable.?* Since no reasonable
estimate is available for the second electron affinity of
these ions,*® we simply assume the second electron affin-
ity to be the same as the first electron affinity. When used
in the Born-Haber cycle, this value gives the lower limit
of the formation enthalpy of the compound. The positive
values for AH (f) which we find for all group-VIA elements
are again to be blamed mainly on the large ionization
potential of the Cgg molecule, which dominates over the
increased Madelung energy due to the larger charge of the
acceptor ions. Again, our results only apply to the three
hypothetical geometries we studied here. We cannot ex-
clude the existence of other different group-VIA-based
intercalation compounds, such as compounds containing
intercalant molecules. As for group-VIIA elements, the
variations in AH}’ within the VIA group are linked with
variations of the lattice constant of the compound and
changes of the electron affinity of the elements. We find
the trends in the structural properties (a, B) of group-
VIA-based compounds to closely follow those found in
group VIIA intercalation compounds.

E. Phonon spectra and superconductivity

One of the most important properties of intercalated
fullerite is superconductivity, which has been observed
in many alkali intercalation compounds with the A3zCgg
stoichiometry.348 The observed nonzero isotope effect®
in these compounds makes the electron-phonon coupling
mechanism a likely candidate for the pairing of electrons.
Reliable phonon spectra are an essential prerequisite for
the  resolution of the remaining uncertainties regarding
the important phonon modes which are responsible for
superconductivity in these compounds.3* Our results for
the phonon spectra of KCgp, K3Cgp, and Rb3zCgo are
shown in Figs. 3 and 4.

The phonon spectra consist of low-lying Cgo-derived
acoustic modes which are well separated from high-
frequency optical modes due to the alkali intercalants.
The latter modes have low dispersion and can be inter-
preted as Einstein modes. The frequency of the optical
modes increases with increasing stiffness of the interac-

tion potential between the alkali atom, acting as an Ein-
stein oscillator, and the matrix. For a given intercalant
A, this frequency is expected to be lower in the ACgq
structure, where only the octahedral sites are filled, than
in the A3zCgg structure, which contains occupied tetrahe-
dral sites. In the latter case, we expect two optical bands,
one due to octahedral sites at a frequency comparable to
ACqgo, and the other at a much higher frequency due to
alkali atoms in tetrahedral sites. This is clearly the case
for the optical modes at v = 1.8 THz (due to octahedral
K) and at v = 2.7 THz (due to tetrahedral K) in KCgg
and K3Cgo, as shown in Figs. 3(a) and 3(b). Figure 3(c)
reflects the fact that the bonding in Rb3Cgo and K3Cgo
are similar. The comparison of the corresponding spec-
tra indicates that the optical modes of alkali atoms are
reduced in frequency according to the large 2:1 mass ra-
tio between Rb and K. The acoustic Cgo-derived part of
the spectrum is much less affected by the change from K
to Rb.

The absence of hybridization between the alkali and
the Cgo-derived modes has also been predicted previ-
ously by Zhang, Zheng, and Bennemann,!? albeit due to
different physics. Our results indicate that in the equi-
librium geometry of K3Cgp, the K-Cgo bonds are com-
pressed in the tetrahedral sites, while the Cgo-Cgg bonds
are stretched. The stiff K-Cgo interaction potentials—
especially in the tetrahedral sites—push the correspond-
ing Einstein modes above the highest Cgo-derived acous-
tic modes, hence suppressing hybridization. The calcu-
lation in Ref. 10 is based on the simplifying assumption
that all individual bonds in the lattice are relaxed. The
consequence of this model is a suppressed hybridization
between the K-derived optical and Cgg-derived acoustic
modes in spite of the fact that the Einstein modes due
to tetrahedral K atoms are predicted!® to lie in the fre-
quency range of Cgg fullerite.

V. SUMMARY AND CONCLUSIONS

We have predicted T' = 0 K formation enthalpies of
donor and acceptor-based Cgg fullerite intercalation com-
pounds with the ACgo, A3Cgo, and AgCgp stoichiome-
tries based on a thermodynamic Born-Haber cycle. En-
ergies associated with the individual steps in the cycle
have been carefully estimated using available experimen-
tal and theoretical data. The corresponding calculations
provide details of the structure, lattice constant, and the
bulk modulus of the intercalation compounds.

We have evaluated and listed the corresponding struc-
tural and elastic data together with the predicted for-
mation enthalpies for groups IA, IIA, VIA, and VIIA of
the Periodic Table. Phonon spectra, available from our
total-energy calculations, are presented for selected al-
kali intercalation compounds which show superconduct-
ing behavior.

Our results indicate that alkali elements form stable
fullerite intercalation compounds. We found alkaline-
earth elements Ca, Sr, and Ba to be the most promi-
nent candidates for intercalation. The corresponding cal-
culations for acceptor intercalants indicate that none of
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the group-VIA and -VIIA-based ionic intercalation com-
pounds is stable with respect to solid Cgo and the inter-
calant in the standard form. Our results, however, do
not address the possibility of intercalating molecules, or
modifying the Cgp matrix in a chemical reaction.

The usefulness of our approach to estimate formation
enthalpies can ultimately only be judged by correspond-
ing experiments. We also hope that future experiments
can reduce the uncertainty regarding some of the quanti-
ties used in the Born-Haber cycle, such as the higher elec-
tron affinities and ionization potentials of Cgg molecules,
and equilibrium structures, lattice constants, and bulk
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moduli of the compounds. We have also successfully ap-
plied the Born-Haber cycle method to calculate the for-
mation enthalpy of lanthanide and actinide compounds, a
new class of potential Cgo-based superconductors,*” and
to endohedral molecules such as K-Cgg complexes. Our
results for the stabilities of endohedral complexes will be
presented separately.8
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