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The interactions of 3d transition metal atoms with graphite and C60 molecule is investigated using tight-
binding molecular-dynamics andab initio methods. The results for vanadium and nickel confirm recent ex-
perimental deduction of the contrasting bonding behaviors between the early and the late 3d-transition metals
in their interaction with graphite and C60. Furthermore, our results reveal the role of substrate relaxation and
curvature in producing a striking dissimilarity in the bonding behaviors among transition metal atoms on
graphite and C60.
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The interaction of graphite and C60 with the transition
metal atoms~TMA’s ! has been the subject of intense r
search investigations due to the vast number of potential
plications these systems may have in nanotechnology, m
rials research, and catalysis. These investigations~for
comprehensive recent reviews see references1,2! have also
been recently extended to include single wall carb
nanotubes3,4 ~SWCN’s! since the TMA’s have been found t
play a dominant role in the production and other proper
of the SWCN’s.3,5 The variety of the behavior found in th
interaction between the TMA’s with graphite is further e
riched in the case of C60 and the SWCN’s as curvature an
zone folding effects are additionally involved.4,6,7 This re-
sults from strong hybridization strength between the car
p and the TMAd orbitals as well as significant rehybridiza
tion process due to the curvature. The range of variation
the interaction appears to be more pronounced in the cas
the C60-TMA system, where C60 was found to possess a gre
ability to adapt itself to various environments, being able
act either as an electron donor or as an electron accepto

Experimental investigations of the interaction between
3d-TMA’s and the C60 have indicated a different behavior o
the early 3d-elements~Sc, Ti, V! when compared with thos
of the late 3d elements~Fe, Co, Ni!.8 Similar differentiation
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was also observed in the case of bonding type and the b
ing sites on the same systems when experimental studie
C60 with the TMA clusters were performed.8–11 In particular,
experimental measurements of smallMm(C60)n

1 clusters
(M5Sc, Ti, V,! indicate no externalM atoms and favor
M1@h6-(C60)2#, whereh6 indicates that six ligand~carbon-
ring! atoms are bonded to the metal~M! atom. These results
led to the conclusion that theM (C60)2 , M5Sc, Ti, V clus-
ters take the form of a dumbbell and that theM atom is
sandwiched between the six-membered rings of C60 rather
than the five-membered rings. On the other hand, in
Mm(C60)n , M5Fe,Co,Ni clusters, C60 was found to react
rather as anh3 than as anh6 or h5 ligand. In the case of
Ni2(C60)2, sideways or end on binding to the Ni dime
seemed to be a possibility.9

Analogous comparative experimental information abo
the interaction behavior of the 3d-TMA’s with graphite has
not yet been reported, to the best of our knowledge. Ho
ever, theoretical investigations using density-function
methods12 and the complete neglect of differential overla
method13 have shown a differentiation in the interactio
properties of the early 3d elements as compared to those
the late 3d elements.12 Neither group, however, has incorpo
9867 ©2000 The American Physical Society
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TABLE I. Summary of results for V on graphite and the C60 molecule. Positive values of charge transf
indicatelossof charge on V, while negative values indicategain in charge on V. The values of the magnet
momentm are in Bohr magnetons (mB). The numbers in parentheses denote the number of times the g
quantity is repeated. For V2(C60)2 refer to Fig. 2.

Cluster Bonding type Charge transfer m V-C bonds
~e! (mB) (Å)

V-C128 hole 21.344 1.021 1.847, 1.992
~V-graphite! 2.004, 2.010

atop 0.816 0.543 @2.062-2.103#(6)
V-C60 hole 21.703 0.952 2.209~6!

atop 20.975 0.991 1.799, 2.017~2!

bridge 20.129 2.911 1.831, 1.841
V-(C60)2 dumbbell 0.623 0.249 @2.145-2.168#(12)

bent 0.426 0.235 1.896~2!, 2.123~2!,1.804
V2(C60)2

(T1) shown in Fig. 2~a! 0.461(Vtop5Vbottom) 0.028 1.852, 2.215
@r(V-V) 51.782# 2.249, 2.023~2!

(T2) shown in Fig. 2~b! 0.659(Vright) 0.054 2.155~12!

0.499(Vle f t) 0.133 2.089~6!

(T3) shown in Fig. 2~c! 0.304(Vright) 0.049 2.110~2!,1.911~2!,1.828
1.942(Vle f t) 0.030 2.000~2!,1.797

(T4) shown in Fig. 2~d! 20.293(Vle f t) 0.927 2.083~2!,2.018~2!,2.010
@r(V-V) 52.099# 20.580(Vright) 0.828 2.030~2!,2.087~2!,1.978
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rated optimization of atomic coordinates in their calculatio
and obtained conflicting bonding sites for the same TM
Our recent preliminary works show the importance of
cluding the effects of optimization and the role of curvatu
for bonding in the case of Ni.4,6

Interestingly, the experimental investigations of the ma
netic behavior of V monolayers grown on Ag~100! have led
to contradicting results with some experiments pointing
the presence of magnetic moments and others to
absence.14,15 Magnetic behavior, however, was found in
clusters only freshly evaporated on graphite with the e
dence being associated with the satellite structure obse
in the V 3s x-ray photoemission spectra.15 Subsequent ex
perimental measurements have shown the V 3s line shape to
be very sensitive to the V-graphite distance, throwing
origin into dispute.16 Adding to the controversy is the high
spin state obtained for a single V adatom on graph
(4mB).12,16

In this paper, we present a first systematic theoret
study of the interaction of V atoms on graphite and C60 by
considering all possible bonding sites while comparing th
results with those for Ni in our earlier works with a view
interpret existing experimental data. Our calculations are p
formed using our tight-binding molecular-dynamics~TBMD!
method4–7 as well as accurateab initio methods.22 The de-
tails of our TBMD formulation can be found elsewhere~see
for example, Refs. 7 and 17–19!. The method makes use o
Harrison’s universal scheme20 incorporating realistic dis-
tance dependence of the Slater-Koster type21 parameters. The
use of a minimal parameter basis set makes the scheme
transferable between differing environments. More imp
tantly, the TBMD scheme allows us to employ fully symm
try unconstrained optimization for all geometries consider
The database for fitting the parameters is obtained from
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periment whenever available. This parametrization has b
used with success to study NimCn clusters of arbitrary sizes
and the interaction of Ni with graphite, C60, and
SWCN’s.4–7 The TBMD calculations are further comple
mented by accurateab initio methods.22 Theab initio calcu-
lations were performed using theGAUSSIAN 98program pack-
age and includes density-functional theory calculations w
the three-parameter hybrid functional of Becke using
Lee-Yang-Parr correlation functional.22 The atomic basis se
used is of double zeta quality and includes relativistic effe
for heavy atoms.

In the present paper, the graphite is simulated by a por
of a graphene sheet consisting of 128 carbon atoms. This
was found to be sufficient for ensuring convergence of
results with the cluster size. Molecular-dynamics relaxat
resulted in stable bonding for V on graphite at hole and a
sites. The adsorption of V was accompanied by a consid
able distortion of the graphene sheet, especially for C ato
in the neighborhood of the V atom. The total energies for
fully relaxed geometries were obtained usingab initio calcu-
lations and show the ordering;Ehole,Eatop with the hole
site being more stable by 0.50 eV. This is contrary to
findings of Duffy and Blackman,12 and the discrepancy ca
be attributed to the neglect of relaxation effects in their c
culations. We note that the same energetic ordering was
obtained by us for Ni adsorption on graphite.7 As in the case
of Ni on graphite, no stable bridge sites were found for V.
each adsorption site, the V atom exhibits a magnetic mom
and there is appreciable charge transfer to or from the gra
ite atoms. The actual values of these quantities as well as
bond lengths between V and the neighboring C atoms
given in Table I. It should be noted, however, that our resu
do not support the high-spin states for V on graphite repor
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recently.12,16 This disagreement may be attributed to surfa
relaxation effects that have been completely omitted in R
12 and 16.

For the VC60 cluster TBMD optimizations were carrie
out and the energetics of the fully relaxed structures w
analyzed usingab initio methods to determine all the stab
sites at which V can bind to C60. We find that V binds at
hole, atop, and bridge sites, while the total energies for th
sites satisfy the relationEhole,Eatop,Ebridge . The hole site
was found to be more stable than atop and bridge sites
0.37 eV and 0.95 eV, respectively. Note that for Ni, the h
site was found to be unstable, while the atop site was
most stable on C60.6 The only similarity here is that the
bridge site now becomes stable for both V and Ni as a re
of rehybridization due to the substrate curvature. It is a
worth noting that our results for V on both graphite and C60
indicate the preference for V to act as anh6 ligand in con-

FIG. 1. Relaxed geometries for the V(C60)2 clusters.
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tradistinction with Ni, which acts as anh2 or h3 ligand,6 in
agreement with the experimental findings for both Ni and
interacting with C60.8–11 The V atom on the C60 exhibits a
net charge and magnetic moment that depend on the ads
tion site. The calculated net charge and magnetic momen
V as well as the bond lengths between the V and the nea
neighboring C atoms for the three adsorption sites~upon
relaxation! are presented in Table I.

Vanadium is also found to bind two C60 molecules. Two
of the most stable ground-state geometries for the V(C60)2
cluster are shown in Fig. 1. Among them the most stable
exhibits the dumbbell structure with both C60 molecules act-
ing ash6 ligands@Fig. 1~a!#. It should be recalled that in the
case of the Ni(C60)2 clusters, the most stable geometry al
exhibited the dumbbell structure, but with one C60 molecule
acting ash2 ligand and the other ash3 ligand.6 These find-
ings are in excellent agreement with the experimen
results.8,10,11,2Table I contains the charge state, the magne
moment of the V atoms, and the V-C bond lengths obtain
for the V(C60)2 structures shown in Fig. 1.

All the stable geometries found for the V2(C60)2 cluster
are shown in Fig. 2. For the purposes of comparison we la
themT1, T2, T3, andT4 and they correspond to Figs. 2~a!,
2~b!, 2~c! and 2~d!, respectively. TheT1 configuration is the
most stable, with the energetics of the others in the ord
E(T1),E(T3),E(T2),E(T4). TheT1 structure has also
been found to be the most stable configuration for
Ni2(C60)2 cluster, with the connectivity via the formation o
h2 andh3 ligands.6 In the case of V, however, the conne
tivity is via the formation ofh3 andh4 ligands@Fig. 2~a!#.
Interestingly, theT1 structure has been deduced from t
experiments of Kurikawaet al.10 for Co2(C60)2 clusters.
More experimental works on the V2(C60)2 clusters are
needed for verifying our predictions.

Thus, a comparison of the results for V graphite a
V-C60 demonstrates that the substrate-curvature effects
make qualitative differences in the relative stability of t
various adsorption sites. Furthermore, qualitative differen
between V~early 3d-TMA ! and Ni ~late 3d-TMA ! are also
evident in the study of the stable adsorption sites for th
two elements on graphite and C60.
FIG. 2. Stable geometries for the V2(C60)2 clusters.
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The qualitatively different behavior found in the case of
and Ni in their interactions with graphite and the C60 can be
attributed mainly to the different occupancies of the ads
bate d orbitals. Another factor contributing to this is th
variation of the hybridization strength between the adsorb
d orbitals and thepz orbitals of graphite~the z axis is per-
pendicular to the surface!. While the occupancy of the
d-orbitals depends on the adsorbate atom and is affecte
inter-atomic and intra-atomic charge-transfer effects, the
bridization strength depends on the point-group symmetr
the adsorption site~i.e., C6v for hole, C3v for atop, and C2v
for bridge sites!, the surface relaxation near the adsorba
and the adsorbate-substrate distance. The presence o
these factors make a meaningful quantitative deduction
the contribution of each single factor to the interaction b
tween a 3d element and the graphite~or the C60) seem quite
difficult. However, we can obtain an insight into the bondi
behavior of Ni and V on graphite by studying the highe
occupied molecular orbitals~HOMO’s! usingab initio meth-
ods.

As an example, in Fig. 3 we show the HOMO’s for V o
a perfect graphite surface at the hole position. From thes

FIG. 3. Bonding HOMO’s in the interaction of V with graphit
at the hole site.
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can be seen that for V at the hole site, the bonding molec
orbital ~MO! is a perturbeddxz . The bond at this site exhib
its a weak covalent character. Similar analysis of Ni bond
at the hole site also reveals perturbeddxz type but having a
slightly stronger covalent character. We have also perform
HOMO’s analysis for Ni and V at the atop site and find t
molecular orbitals for both to be ofd3z22r 2 type. However, V
bond exhibits strong covalent character, while the Ni bo
exhibits ionic character. It should be noted that charge tra
fer, surface relaxation, and adsorbate-substrate distance
influence the relative bond strengths between atop and
sites. Furthermore, both surface relaxation, and the sur
curvature rehybridizes the bonding MO’s and results in
small covalent contribution in addition to the ionic bond b
tween Ni and graphite.4 It is, therefore, not surprising tha
atop site appears more stable than the hole site and
versa, as the geometric configuration changes. Our disag
ment with the results of Refs. 12 and 16 and may be att
uted to the important contribution of surface relaxation
fects that have been left out in those works.

Similar results obtained in studies in which the C60 is
replaced by a SWCN lead us to believe that the differen
found in the bonding between V and Ni on C60 ~and SWCN!
may also manifest as the differences in the contact re
tances when these TMA’s attach themselves to SW
walls.23

We have, thus, demonstrated the important roles pla
by substrate relaxation, curvature of the substrate, occupa
of the d orbital of the adsorbate, and the point-group sy
metry of the adsorption site in determining the relative s
bilities of 3d TMA at various adsorption sites on graphi
and C60. Furthermore, Ni and V were also found to exhib
substantial magnetic moments and undergo signific
charge transfer processes that depend on the detailed
figuration of their adsorption sites on both the graphite a
the C60.
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