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The stabilities of lanthanide and actinide intercalated fullerites are calculated with a Born-Hess thermodynamic cycle. For
example, the calculated formation enthalpies indicate that the most lll\L]\ superconducting phase of the Yb compound,
Yb3* Cé5 . is metastable and may decompose into the insulating Yb3* C¢; and pristine Cg, phases. Apart from the formation
enthalpies, our calculations predict the equilibrium structure and stoichiometry, as well as intercalant valency, which are presently
unknown in the Yb and other lanthanide and actinide intercalation compounds. We find some of these compounds, such as
La3* Cgq , to be excellent candidates for a new class of Cgo based superconductors.

Inorganic compounds and organometallic mole-
cules of lanthanide earths are known to be very ionic,
with the lanthanides typically present in a 3+ state
[1]. Organolanthanide chemistry has discussed
thoroughly the electropositive character of these ele-
ments, and crystal structure studies have shown little
participation of the 4f valence orbitals in the ionic
bonds [2]. A similar situation occurs in organoac-
tinides, where the bonds between the actinide earth
elements and the organic moieties are strongly ionic,
in spite of a participation of 5f valence orbitals in the
bonds [2]. With this chemistry as a background, we
have considered a model for intercalated fullerite
solids having stoichiometries A, Cqo, with x=1, 2
6, in which the lanthanide and actinide elements A
are present as cations and the Cg, molecules as
anions.

We calculate the formation enthalpy of these ful-
lerite intercalation compounds using a Born-Haber
cycle, which has been successfully used to determine
the stability of alkali and alkaline earth compounds
[3]. Our calculations determine not only the stabil-
ity, but also the equilibrium stochiometry, and pos-
sible reactions leading to the synthesis of the specific

compounds. Our results indicate that the A;Cg
structure, which is isomorphic to K;Cy, is the most
stable phase for all rare earth compounds. In the case
of trivalent intercalants, by analogy with the half-
filled first LUMO of K;Cqo [4], we expect these
A;Cgp solids to be metallic and possibly supercon-
ducting, since in this case the second lowest unoc-
cupied molecular orbital (LUMO) of Ceo with t;,
symmetry would be half-filled.

Fullerite, an fcc crystal [5] based on the Cg, mol-
ecule [6], has been doped with various elements to
yield room temperature conductors and low tem-
perature superconductors [4,7-9]. The highest T
reported to date is 33 K for Cs,RbCg, [9]. We re-
cently employed a Born—-Haber cycle to calculate the
stabilities of ionic solids ACg, A3Cqgp, and AgCeq, With
A alkali, or alkaline earth, elements [3]. The Born-
Haber cycle yielded calculated stabilities, lattice con-
stants, bulk moduli, and phonon spectra. The for-
mation enthalpy per K for K5Cg, was lower than for
K¢Ceso [3], in qualitative agreement with the suc-
cessful experimental use of the “back titration”
method, in which first the bec K¢Cy, is made, and
then extra Cqo added to yield K5Cqo [10].
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The fullerite intercalation compounds c.\'i.sll bc—‘
cause of the stability of A, Cgo versus the §tab171‘11_\' of
the components in their standard states, 1.c. (61,(5)
and A(s). It1sa noteworthy fact that many of the
s incorporated by the Smalley group and oth-
ers in C,, fullerenes [11,12] *', yielding metalloful-
lerene molecules A@C,,, also occur in doped fuller-
ite [4,7-9], among them the alkali elements and
alkaline earth Ca. Weaver and co-workers have ob-
tained evidence of compound formation between Cgq
and Y. Ca, Ba, Sr [14-16]. A notable exception to
this gurw'ati«m involves rare earth elements of the
lanthanide, Ln, and actinide, An, series. Almost all
lanthanides have been seen as metallofullerenes
Ln@C,,, with Ln@Csg, soluble in solvents that ex-
tract I\L[HL‘TCHL‘R [17-21]. U appears to be an actinide
voracious in its capacity for U@C,, formation [22
Because all of the elements that have been seen as
metallofullerenes are electropositive elements, and a
sub-class of these elements have resulted in inter-
calated fullerites, we decided to apply the Born-
Haber cycle method [3] to the lanthanide and ac-
tinide compounds. In this regard, we are encouraged
to see that organolanthanide and organoactinide
molecules show strong evidence for ionic bonds
[1,2], which suggests that a treatment of an assumed
ionic solid A, C¢y, A=Ln or An, is reasonable.

The formation enthalpy AH? (A,Ceo) of A, Cq at
T=0 K is defined by

element

XA (solid ) + C(solid) A, Cgo(solid) (1)

and can be estimated using the Born-Haber cycle
which is shown in fig. 1. We find

\Al ‘f’ — ~\'[;\:nh‘ A ) + L‘(oh ( Chl) ) ¥ »\‘](m_n( A‘ )

1+ (Cnx— 3
1\1/1\((u> _[u»h '\,« :(1 . (2)

The compound A ,Cg,(solid) is stable when AH? is
negative. The individual steps and the procedure to
estimate the corresponding reaction enthalpies are
explained in detail in ref. [3]. We approximated each
step by the corresponding energy and hence have ne-
glected the contributions of nonzero temperature and
pressure to AH?, which we estimate to be of the or-
der of 0.1 eV. Briefly, the assumed structures are
fce for the A,Ceo, x=1, 2, 3, and bec for A¢Cqgp. In

* For Ca@C,,, see ref [13].
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Fig. 1. Born-Haber cycle used to predict the formation enthalpy
AH? of donor Cq, fullerite intercalation compounds.

eq. (2) E.n(A) is the bulk binding energy of A #2,
and E ., (Cg solid) is the corresponding binding en-
ergy of a C¢o molecule in Cyy (solid). I,y , and A, ,
are the total ionization potentials and electron af-
inities, respectively, which stand for the total energy
difference between the final state with the total charge
(n+) or (n—) and the neutral initial state [3]. For
the ionic compound, we find

—Eon (AL CE)
= EMadetung T Esm —3ZD(C~-Cg5 ™) (3)

where Epagelung 15 the Madelung energy per unit cell,
and Egy, 1s the Born—Mayer repulsive energy, as dis-
cussed in detail in ref. [3]. We assume here a com-
plete transfer of n electrons from the intercalant to
Ceo, and have treated cases where n=2 and 3. D is
the dissociation energy of a pair of Cg, molecules,
and Z denotes the coordination number of the Cq
molecules, equal to 12 in the close-packed fcc struc-
ture and 8 in the bcc structure.

2 The observed cohesive energies for most elements are given
in ref. [23]. The estimated value E_,,=2.75 eV for Pm has been
obtained by interpolating the values of the neighboring lantha-
nide elements.
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All of the lanthanides form A3+
and Y, which have the atomic Structures [Ar] 3d4s2
and [Kr] 4d5s2. respectively. Cotton and Wilkinson
[1] point out that some of the lanthanides wi]] occur
in the oxidation states +2and +4, and that there is
a rough correlation of the Propensity to do so, if an
¢mpty, half-filled, or filled f shell is obtained. Thus.
Sc, Y, and La form only the A3+
moval of 3 electrons e
ration. The same 1S true

ions because re-
aves the noble-gas configu-
for Lu and Gq. which have
stable 4f'4 and 4f7 configurations. respectively. Re-
moval of less than 3 electrons would not be favored
because the A2+ and A" jons are much larger than
the A** jons, and energy saved in the ioniz
is less than the additional lattjce energy of the salts
of the small A3+ ions [1]. The most stable dipositive
10ns are Eu and Yb, which have the f7 anqd f14 con-
figurations. respectively, in the +2 oxidation state.
The third most stable dipositive ion is Sm, which has
electron configuration 4f6 The most stable tetra-
positive ions are Ce and Tp. which have the 0
i configurations, respectively, in the +4 oxidation
state. This “specia] stability™ rule s not absolute in
the lanthanide series. For example, Ce and pPr have
been identified in the +2 oxidation state, and Pr and
Nd the +4 oxidation state, although these are gen-
erally much Jess stable compounds [e1i]. Accordingly,

we have treated Sm, Eu, and Yb as if they could exist
as +2 or +3 jons.

We exte

ation step

and

nded our calculations of the Madelung en-
€rgy, as described in ref, [3], to A2Cs0(2T) (A oc-

al interstitja] sites in the unit
cell) and A2Cs0(O+T) (one octahedral and one te-
trahedral A interstitial sjte filled). In the latter case,
We assumed that the cubic Symmetry of the lattice Is
preserved. The Madclung constants are arr=11.637
and ag, ;= 10.773. The total electron affinity A OF
Ceo has been estimated along the lines of ref. [3].

For the stoichiometries not discussed there, we found

A (Cé5 ) =—4.16 eV, 4,(CH) = —83.15 eV, and

Ao (Ce§~) = —452.06 eV *. These values are based
on the assumption that the €nergy difference be-
tween the LUMO ang LUMO+1 is 0.6] eV [24].

* Electron affinities are calcul
neutral and charged molecules.
not be observed for 1solated g,
relevance in the Born-Haber

ated from energy differences of
Negative electron affinities can-

cycle for the solid.

octahedral site per unit cel
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10ns, and so do Sc

Our calculations indicate tha
second most stable

phase with both te
as-phase molecules, but do have a stable
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Table 1 shows the calculated formation enthalpies
of the lanthanide and actinide compounds
AT3CE5 (0), AF3Cé (2T), A Cs (0+T),
A;-‘C‘ﬁiJ(LHZT). and A$>CE- (bee) in the 3+
oxidation state. Table 2 shows the corresponding
formation enthalpies of the Sm, Eu, and Yb com-
pounds for the 2 + oxidation state. Note that the for-

mation enthalpy is given per intercalant atom in aj]
the figures.

From our results prese
compounds A;C,, with
dral sites in the

nted in tables | and 2, the
all tetrahedral and octahe-
fce structure filled are the
ble and can be formed for the
their standard State, as indicated by the negative sign
of AH?. For a Jess than half-filled or more than half-
filled f shell, we find that the stability of A3+ [ap.
thanide compounds decreases with incre
ber of f electrons, close

most sta-
initial components ip

asing num-
ly following a corresponding
increase of the ionization potential. In most of the
cases discussed here. the energy gain per intercalant
atom in the A¢Cgo phase is subslanliall)' smaller than
in the A3Cs phase. In order to Investigate which is
the saturated phase, we consider the reaction

A3Cs0 +3A (metal ) —2%, A¢Cqp . (4)

d to the heats of for-
Compounds by

The reaction enthalpy is relate
mation of the different
AII:6A11§~’(.—\6C6“ ) —3AH? (A3Cs0). We find AH to
be positive for almost al] compounds considered here,
corresponding to an endothermic process and indj-
cating that A3Cqp is the saturated phase. The only case
where AH is negative (and A6Csp is the saturated
phase) are the actinide compounds of Ac3+ ( —5.58
eV) and U3+ (_g¢7 eV). Very small positive val-
ues of AH are found for Sm?*, Eu2+ and Yb?%tiiin®
dicative of an at least metastable AsCso phase. In the
cases where AgCe is stable, the A3Cso compound can
be synthesized in an exothermic “back titration” re-

action, by mixing the pristine Cso solid and the sat-
urated compound. as

Coo(solid) +A,C,, A%, 2A3Ce . (5)
t the A,Cq, phase is the
phase in most cases. We find the
trahedral sites filled to be more
than the phase with one tetrahedral and one

I. The main reason for this
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Table 1
Predicted I

Five diffe

S e ture ), A,Cqo (fcc
hases are considered: A,Cqo (fcc structure), AyCeo
t phases ¢

tetrahed

are prese

tion e e € € €rite intercala € ounds € + ) state the intercalant.
H f dsA he (3 ) 0]
n enthalp f diff C ato omp- 1(6(1 (0)
S V) fo 1Iie 60
. ‘ s A
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structu 0 C I S > A, ucture, one
tructure, both tetrahedral sites filled), ((,U (fce struc
r

I asults
fille bec structure). Resu
“tahedral sites filled ), A¢Cqo (
filled ), A;Cso (fcc structure, all tetrahedral and octahedral s
{ one octahedral site filled ), A5 60 ( ey ———
i 1L A from the lanthanide and actinide rare eart
r elements

~ '\E\(<6U
- A,C ’\ZCN' -\}(‘60' +27) (bce)
4 - b—\‘( bOO ) ( t:ccw’T ) (fcc, O+T) {fes, O+2
(fcc, 2 —0.49
27 2.28 _l'?ﬁ ,831
— La** 6.83 _1_ 2.74 —1.58 U.H
li'mlh.;'mli compounds Ced+ 7.37 —0.86 :‘70 —1.13 014(‘)
2 ] = &% —0.41 - —0.78 e
P e 0.05 3.59 1.07 i
Nd3+ 8.25 701% 333 — 10ﬂ 0.67
Pm** 8.03 70'2,; 4.05 =0y 1.95
S 8.76 2 548 Lol 1.19
Eu?+ 10.20 o P 0.29 o
Gd3+ 9.52 1“,1 5.05 0.3-3 139
Tb3+ 9'8'? l'lq 5.14 0.63 168
Dy3+ 9.95 :? 5.49 D36 1.80
Ho+ 10.30 1-(’); 572 1.16 6l
Er** 10,26 :19 5.98 i 2.67
Tm** IU'§4 :qg 6.70 2'10 2.26
Yb3+ 11.56 ;;’ 6.34 1.73
Lo+ 11.21 252 i o
3.38 0.27 il 5
-ompounds Ac** 4-94. _i'(i,} 5.43 98) -2.95
actinide compo Th3+ 10.28 1.18 e —3.01
U3+ 6.78 T
Table 2

€ J ide
60, 1 2+ ) state of the lanthani
ite 1 calation ¢ unds A, Cy,, for the (2 . : : (
ies AH? (eV) for selected Cg, fullerite mlertalallf)n c(fmpz)mcmre it e ]
Predicted formation enthalpies b L e ———— |
alz “ive different phases are 3¢,
intercalants. Five di

1 re. one tet y: d e OC e ed), A;C4 (fcc
t e tetrahedral and one octahedral site fille 3LC60 C
structure, or € I C

structure )

ites fi Ceo (bcc
ture, all tetrahedral and octahedral sites filled ), A¢Cgo
structure,

- A¢Cso
> A,Ceo A2Ceo '—\:choo+w-[-) (bee)
B ey D (fec, 2T) (fec, 0+T) e O
(fee, O) e - 132
’ —2.91 =
—0.80 ~ —1.49
=247 1.
y Sm2+* 1.20 . —0.91 ‘3'0“} —0.91
lanthanide compounds . 12 —2.30 315
i Bus ‘g; —1.40 0.13 2.
Yb?+ 2. '

fact is the repulsion between the cati‘ons n ad{ac;rllg
tetrahedral and octahedral sites which rcducgs =
Madelung constant. Obviously, the sn‘lall'er 1r11\‘£0f
1onic repulsion in the larger octahedral sne_ is onf_Ihe
secondary importance. As in our calculauon'? s
alkali ;md alkaline earth compounds [3], \:nhm:
ACgo with NaCl structure to be the least slabl.u p BSL;

A by-product of our calculations are lattice Fo}n\
slzmxx-uﬁd bulk moduli which in general follo“lmt
trends discussed in ref. [3]. The lqrge Made urigi
energies exert a pressure on the lattice and reduce

' i ct to
the lattice constants by typically 10% \thhzreogp_eulthe
/ o in
ristine Cgq in the fcc phase and by up to 30% e
g .
: ore ionic bce phase. Since the bonding _Ch.araCC
m ' _ 7
changes from mostly van der Waals in prlslhmeb ]61:
; 1 u
to ionic in the intercalation compounds, I e !
i / nagni-
modulus increases typically by an (_)rder-;)1 t;xe iis'
tude upon intercalation. The details wi
clsew 251
cussed elsewhere [ ) ‘ ol .
The high symmetry of the Cg, mOlLCUI(S‘];a(iSI
, i IMO wit iu
1 / > e orbitals. The LU!
highly degenerate or : A
hiraclcr and the LUMO+ | with a t,, character [26]
C
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spread into narrow bands in the solid [27]. In
A Cgy compounds such as Ki C35 | the t,, derived
band is half filled which leads to conductivity and
superconductivity of the crystal. Consequently, com-
plete filling of this t,, derived band. such as in

K¢ Cgo , leads to a sharp drop of the conductiv ity. If

the “rigid band™ model of intercalation still holds
for the rare earth compounds, and the intercalants
do not hybridize with the matrix. we could expect
conductivity and superconductivity upon partial fill-
ing of the t,, derived band, such as in A3t Céy. As
mentioned above, and also shown in table 2, the heat
of formation of Yb3* Cé5 from the initial compo-
nents is large, even though smaller in magnitude than
that of Yb3*Céy. Should a metastable Yb3+C%;
phase coexist with the stable Yb3* CS5 phase, such
a compound could possibly show superconductivity,
which has been observed recently [28]. Neverthe-
less, our calculations indicate that such a compound
should spontaneously phase separate  into
Yb3* Cg; and Cg on energetic grounds.

Another class of potential rare earth based super-
conductors are the A3* C25” compounds. In this case.
conductivity and superconductivity should result
from partial filling of the t, derived band of Cg, ful-
lerite. Since A;Cg, is the most stable phase, com-
pounds of all early lanthanides and some of the ac-
tinides might be good candidates for such
superconductors. As the density of states at the Fermi
level, and accordingly the value of 77, increases with
increasing lattice constant [29], we anticipate
La3* C35 to give one of the highest 7, values.

In conclusion, we found that most lanthanide and
actinide rare earth elements form stable Ceo fullerite
intercalation compounds. The stable stoichiometry,
corresponding to the saturated phase in most cases.
is A;Cqo. We anticipate a potential for superconduc-
tivity for some 3+ lanthanides and actinides in this
phase, with a half-filled LUMO+ 1 derived band of
Ceo- A second possibility for superconducting com-
pounds is suggested for the A,Cg, of 2+ rare earth
elements. This phase, however, is found to be ther-
modynamically metastable or unstable with respect
to the A;Cgqy and pristine Cg, phases which are in-
sulating. In particular, the elements Sm, Eu, and Yb
should be the easiest for the experimentalist to work
with, because their cohesive energies are dramati-
cally lower than those of the other lathanide solids #*.
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To succeed in mixing Cg, with the other lanthanide
elements, which could lead to formation of the in-
tercalation compounds discussed here, will likely be
more challenging.
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* For example, the cohesive energy of Eu is 1.86 eV, while that
of La is 4.47 eV (see footnote 2).
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