
Vol . 103 (2003) A CTA PHY SIC A POLO NIC A A No . 5

E ˜ ect of van H ove Sin gu la rit y on T c

in R b dop ed C 6 0

B .K. A gr awal , S. A gr aw al, P.S. Y ada v , P. Sr iv ast ava,

R. Sr i vast ava an d S. Sin gh

Physics D epart m ent , Al lahabad Uni versi ty

Al lahabad-211002, Indi a

(Received January 13, 2003; revi sed ver sion Apr i l 13, 2003)

In t he present study we in vesti gate the role of van H ove singulari ty
on the opti mi zatio n of T c in R b dop ed fullerenes C6 0 Rb 3 . A Ùrst prin cipl es
self-consistent full potential linear mu £n- tin orbital metho d using density

functional theory in local density appro ximation was employed. T he doped
Rb atoms are of two typ esoccupying the tetrahedral and interstitial position s
in the fcc lattice. The added Rb atoms Ùll the t 1u band of the undop ed

fullerenes C 60 up to half w hich makes C60 Rb 3 conducting. Saddle points
leading to van H ove singul ari ties are observed in the neighb ourho od of the
symmetry point L . T he shifting of the van H ove singulari ty w ith the volume
of the lattice is investigated. W e observe a saddle point j ust at the Fermi

level for a lattice constant of 14.435 ¡A . T he highest value of T c should thus b e
observed at the above lattice constant. T his result is in excellent agreement
w ith the observed high value of T c measured in C 60 Rb 3 for a lattice constant

of 14.435 ¡A .

PACS numb ers: 74.25.Jb, 74.62.Fj , 74.70.Wz

1. I n t rod uct io n

It is now m ore or lessaccepted tha t in alkali doped ful lerenes the mechanism
of superconducti vi ty is of BCS typ e i.e., electron{ phonon intera cti on alone is re-
sponsibl e for the superconducti ng behavi our. In the opti m izatio n of the tra nsi ti on
tem perature, the density of sta tes (D OS) at the Ferm i level (E F ) pl ays a cruci al
ro le. Saddl e points may app ear at the sym metry points of the Bri l louin zone and
m ay lead to van Ho ve singulari ti es (vHs) whi ch incur a high densi ty of electron
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sta tes at E F in case the vHs l ies at E F . The study of f ul lerenes is interesti ng be-
cause i t does not conta in any CuO 2 planes observed in oxi de superconducto rs and
the superconducti vi ty arises from the 3-dim ensional behavi our of C6 0 sol id.

In the present arti cle, we have investi gated the crucial ro le of vHs in the
opti mizati on of Tc . In an earl ier publ icati on [1] we ha ve reported the resul ts of
our Ùrst pri ncipl escalculati on obta ined f or C6 0 K 3 . W epredi cted tha t an expanded
sol id of C6 0 K 3 havi ng a latti ce consta nt of 14.51¡A wi l l reveal maxi mum value of T c .

Here, we discuss the ro le of vHs in achi eving high value of T c in the case of
C 6 0 Rb 3 . The intersti ti al Rb 3 + ions possesslarge sizes and wi l l expa nd the latti ce.

2. R esul t s an d d iscu ssio ns

Ab ove 249 K, pure sol id C6 0 exi sts in a orienta l ly di sordered face centered
cubi c structure . Ho wever, at 249 K, C6 0 makes a Ùrst- order phase tra nsiti on to an
ori enta l ly ordered sim pl ecubi c structure wi th four C6 0 m olecules per uni t cell . W e
conÙne our study to the ordered fcc uni t cell conta ini ng one m olecule to cope wi th
the avai lable com puta ti on facil i ty . The point- group symm etry of thi s structure is
T h , whi ch is the hi ghest one. The f ul lerene m olecule conta ins 20 hexagonal and
12 penta gonal faces. In the structure, there are three non-equi valent carb on ato m s,
nam ely C(1 ), C(2 ), and C(3 ) and thei r num bers are 12, 24, and 24, respectivel y. In
a ful l potenti a l l inear m u£ n- tin orbi ta l (LMTO) calcul ati on one needs to consider
the empty space lyi ng wi thi n the C6 0 m olecule and also the intersti ti al space
between the vari ous C6 0 m olecules. The empty space has been Ùlled by a num ber
of 48 empty spheres of various sizes. The chosen mu£ n- tin sphere for each C atom
has a radi us of 1.3 a.u.

Three Hankel functi ons wi th decay energies { 0.01, { 1.0, and { 2.3 Ry were
chosen for the carbon ato m and tw o Hankel functi ons wi th decay energies { 1.0
and { 2.3 Ry for empty spheres were needed to Ùll the intersti ti al empty space.
For carbon ato m s, the l inear m u£ n-ti n orbi tals havi ng angular m omentum up to
l = 4 and for the empty spheres up to l = 2 were incl uded in the calcul ati on.
In order to achi eve high accuracy thro ughout the whole energy region of electron
states, the self-consistent calcul ati on was perf orm ed for the l ineari zed wave func-
ti ons expanded at three di ˜erent energies { 0.01, { 1.0, and { 2.3 Ry. The exchange
correl ati on potenti al of Hedi n{ Lundqvi st [2] was chosen. The core electrons are
relaxed and the core electron density is evaluated in each i tera ti on. C (2 s ; 2 p )
and Rb (5 s; 5 p; 4 d ) valence states are considered. The electro nic structure for
the undoped C6 0 sol id at the vari ous sym m etri c points of the Bri l louin zone, i .e.
À ( 0 ; 0 ; ; X ; ; ; W ; : ; ; L : ; : ; : i s repro duced in Fi g. 1. The
chosen latti ce constant is 14.10 ¡A. The hi ghest occupied states i .e., the valenceband
m axi mum (VBM) whi ch appears at the X -sym m etry point is chosen as ori gin of
the energy. The next empty conducti on band state ari sesfrom t 1u -typ e states. The
sol id is semiconducti ng wi th a di rect band gap of 0.7 eV at the X -point, whi ch
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Fig. 1. Electronic band structure for the undop ed C 60 solid at the various symmetric

p oints of the Brilloui n zone.

i s a bi t lower tha n the experim enta l value of 1.0 eV. Thi s underesti mati on of en-
ergy gap is typi cal of a local density appro xi mati on, where the on-site many-body
e˜ects of the exchange and correl ati on energies have been ignored. Appreci able
di spersion is shown by the states lyi ng in the neighbourho od of the gap because
of the C6 0 À C6 0 intera cti on.

3. C 6 0 R b 3

As the incorp orati on of large sized rubi di um ion wi l l expa nd the C 6 0 latti ce, a
latti ce consta nt of 14.43 ¡A was chosen for calculati ng the energy and the electro nic
structure. Rb ato m s are located in the two typ es of vacant sites lyi ng between
the C6 0 m olecules possessing tetra hedra l and octahedra l point- group symm etri es.
One rubi di um atom Rb [1] occupi es the octahedra l site and two R b ato m s the
tetra hedra l site. The radi us for each R b m u£ n-ti n sphere is chosen as 2.34 a.u.
The three electrons donated by the three Rb ato ms Ùll the conducti on band up
to hal f m aking the C6 0 R b3 sol id m etal l ic. The electroni c structure for C 6 0 Rb 3 i s
shown in Fi g. 2a. The dispersion of the other states is reduced because of the
expanded latti ce. The conducti on band ari ses from the hybri di zati on of C (2 p )
and sp 3 orbi ta ls of R b. The saddl e point appears in the neighbourho od of the
L -sym m etry point near E F as can be seen in Fi g. 2b, where a blown up electro nic
structure is shown. The shi fti ng of saddl e point was studi ed by varyi ng the volume
of the crysta l. For a latti ce constant 14.435 ¡A, the vHs peak app ears just at E F .
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Fig. 2. (a) Electronic band structure (disp ersi on curves) and (b) blow n up structure

in the neighb ourho od of Fermi level for C 60 Rb 3 .

Fig. 3. Total electronic density of states for C 60 Rb 3 .

The electronic density of sta tes and the pro j ected density of sta tes (PD OS) per
uni t cell on the vari ous non-equivalent C and R b ato ms are shown in Fi gs. 3 and
4, respect ivel y. The D OS was calcul ated for a selected num ber of 1 2 k -points wi th
a broadening of 0.01 R y.
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Fig. 4. Proj ected density of states at various atoms of C 60 Rb 3 .

The PD OS shown in Fi g. 4 at carb on ato ms is qui te simi lar to tha t of
undo ped C6 0 . The valence charges inside the R b (1) and Rb (2) m u£ n-ti n spheres
are 0.016 and 0.044, respectivel y, whi ch reveal alm ost com plete ioni zati on of Rb
ato m s. The PD OS at al l the three di ˜erent species of the host carb on atom s near
E F are comparable wi th the PD OS at the R b ato ms. The electron states in the
neighbourho od of E F are qui te delocal ized and are extended thro ughout the uni t
cell . The strong attra cti ve intera cti on of these electrons mainly wi th the ta ngenti al
vi bra ti ons of the carbon ato m s resul ts in the occurrence of the superconduc ti vi ty .
The overal l D OS is com parati vely high at the Ferm i level whi ch wi l l give ri se to
m axi mum value of T c for the predi cted latti ce constant of 14.435 ¡A. Thi s is in
excellent agreement wi th the high value of 29.5 K of T c m easured by Schil l ing
et al . [3] for a latti ce constant of 14.43 ¡A.

4. Co n cl u si on

W e predi ct the occurrence of highest value of T c in rubi dium doped C6 0 at a
latti ce param eter of 14.435 ¡A whi ch is in excellent agreement wi th the exp erimenta l
data reported for C6 0 R b3 .
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