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Ab initio density-functional calculations of the geometries, electronic structures,
and magnetic moments of Ni-C clusters
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We have performedb initio molecular dynamics simulations of the clusters NC,, C;, NiC, (n=1
—6), and N}C, (n=4-6) using a fully self-consistent density-functional method that employs linear com-
binations of atomic orbitals as basis sets, standard norm-conserving pseudopotentials and the generalized
gradient approximation to exchange and correlation. Our results for the pure clusters, which are compared with
those obtained by otheb initio calculations, are in good agreement with available experimental data. Linear
forms are energetically preferred for all the mixed clusters exceps NMICg, and NpCg, which have cyclic
structures. These latter findings differ markedly from results obtained recently using a tight-binding molecular
dynamics method, which predict rhombic geometry for Ni&@d three-dimensional structures for NiC
Ni,C,4, Ni,Cs, and NpCs.

In the last few years there has been great interest in pradensity-functional theoryDFT), which has recently been ap-
ducing new materials composed of transition metals and caplied to several systems, including C nanotubes, Au nano-
bon due to their potential for use as catalysts, semicondusstructures, adsorbates on Si surfaces, nucleic acids, and
tors, and superconductors, and in quantum well and quantumi-Al clusters (see Refs. 9—11 Our findings turned out to
dot devices(see Ref. 1 and references cited thereifhe  differ markedly from those of Andriotiet al® Unfortu-
interactions of transition met&TM) atoms with graphite and nate'y, experimenta| data for small Ni-C clusters are not
with Cgo and other fullerene molecules have been the subjeciyailable to decide between the two sets of theoretical re-
of intense researcfsee, e.g., Refs. 235AIs0, a new class  gits, but the reliability of our calculations is supported by
of molecular clusters of remarkable stability has been discovg,q results we report here for NiC, and G, which are in
ered, namely the metallocarbohedren€met-cars”), in good agreement with available experimental data.
which TM and C atoms constitute cagelike structuies a SIESTA has been described in detail elsewherelt per-

review, see Ref.Jl the gxtraordmary Stab'“ty. of these mixed formsab initio DFT calculations using numerical atomic or-
clusters has been attributed to a presumptive pentagonal dp-

decahedral structure. Due to the presence of TM atoms, tr%'tals as.trt?a&ls s.et?.. Infthe?e callcéulaﬂlqntsh Wg uged tf;p!e-
experimental information on TM-C materials is far from ases with polarization functions. =or i, the basis contains

easy to interpret. The difficulties are particularly great forthree orbitals with different radial forms to describe the 4

prediction of the ground state structures of TM-C clusters ofSh€ll and three orbitals for each of the angular functions of
moderate and large size, because of the large number of lockl€e 3d shell, and the & shell is polarized by the inclusion of
minima of their potential energy surfacRES’S. However, @ double set op orbitals. For C, we have three orbitals for
determination of geometry is one of the fundamental probthe 2s and each of the @ functions, and the latter are polar-
lems in cluster research, since it may affect optical, magized with a single set afl functions. The triplef orbitals are
netic, and chemical properties. It is therefore highly desirablelefined in the split-valence spirit, and the polarization func-
to get accurate information on the structures of the smalletions are obtained perturbatively by applying a small electric
TM-C species, in the hope that it will provide insight into field to the free atom.In order to achieve linear scaling in
TM-C growth mechanisms. Similarly, an understanding ofthe calculation of the matrix elements, orbitals have a finite
the behavior of small TM-C systems may throw light on thespacial range defined by limiting the orbital confinement en-
TM-catalyzed growth of novel all-C structures such as Cergy (the difference between the atomic eigenvalues of the
nanotube$. confined and free orbitalgo 0.001 Ry®

To our knowledge, the only previous systematic theoreti- The core electrons were represented by non-local, norm-
cal study of the structures and magnetic moments of smakonserving Troullier-Martins pseudopotentfdlsgyenerated
TM-C clusters is the work recently reported by Andriotis by nonrelativistic spin-polarized atomic calculations. The
et al,® who performed spin- and geometry-unrestricted cal-+eference valence configurations werg@)3d>(1)3d*(|)
culations for some NC,, clusters 4+m=8) using a tight- for Ni, and 2'(1)2s'(|)2p?(1) for C (arrows indicate up
binding molecular dynamic§TBMD) method. Due to the or down sping and the pseudopotential radii were 2.05 bohr
status of these pioneering results as a probable basis for fuler Ni and 1.49, 1.52, and 2.19 bohr for tlse p, and d
ther studies on TM-C structures, we decided to test them byrbitals of C. Due to the significant overlap of the core
performing theoretically more exaetb initio MD simula-  charge with the @ orbitals of Ni, it was found necessary to
tions of the same kind of cluster. In this paper we report thénclude nonlinear core correctiofiLCC) in the description
results we obtained usinglesTA’~® a method based on of these atoms. A radius 0f=0.8 bohr was used to define
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of NiCg, with two different view$. Large spheres represent Ni
FIG. 1. Structures, binding energies, and total spins of the fouatoms, smaller spheres C atoms. The bond lengths and bond angles
lowest-energy isomers found for each NiQNiC5, and NiG, clus- of the ground state structures are as follows. Ni®,;,=1.72 A,
ters. Large spheres represent Ni atoms, smaller spheres C atoni;=R,s=Rg=1.32 A, R3,=1.30 A; NiG;, R;,=1.83 A, Ry
The bond lengths and bond angles of the ground state structures arel.81 A, Rys=R;s=1.33 A, R;;=1.36 A, Rge=Rg;=1.34 A,
as follows. NiG, R;,=R;3=1.87 A, Ry3=1.36 A, a;=42.7°,  a;=111.7°, a,=112.8°, a3=157.3°, a,=109°, as=158.2°,
a,=a3=68.6°; NiG, R;;=1.71 A, Ry=R3=1.33 A; NiC,,  ag=111°, @;=139.9°.
R;,=1.77 A R,;=1.31 A Ry=1.34 A R;s==1.33 A. The ge-
ometries identified by Andriotiet al. (Ref. 3 as the minimum =2.54 eV,R=2.17 A andE,=6.26 eV,R=1.35 A, in
energy structures for NiCand NiG, are marked by an asterisk. ~ good agreement with the corresponding experimental data,
E,=2.08 eV, R=2.20 A and E,=6.21 eV,
the NLCC charge densits?. For a given configuration of the R=1.24 A*"'®The calculated total spin of both Nand
ion cores, the valence electrons were treated self-consistentfy, is S=1. For Nj, this result agrees with matrix isolation
within the DFT using the Perdew-Burke-Ernzerhof form of measurements for C,, however, it differs from the experi-
the generalized gradient approximatiG®BGA) for the ex- mental findingS=0,"® a result which is not unexpected in
change correlation potentidl. view of the difficulty of accurate theoretical determination of
In all cluster calculations we considered a supercell gethe spin state of £° C, is predicted to be a bent structure in
ometry with an 1&18x24 A unit cell (large enough for a singlet state, in keeping with the experimental dafahe
interaction between the clusters in neighboring cells to bexperimental binding energy, bond length and bond angle are
negligible and used a 100 Ry energy cutoff to define theE,=13.7 eV,R=1.2897 A, andx=162.5° (see Refs. 21
finite real space grid for the numerical integrai8To obtain ~ and 22, in good agreement with our computed valugs,
the cluster structures we carried out quenching MD=13.78 eV,R=1.33 A, anda=141°.
simulationg® using the velocity Verlet algorithm. For each ~ Severalab initio studies of pure Ni and C clusters have
cluster, the set of starting geometrid® for the largest clus- been carried out, particularly in the case of C. Here we men-
ter9 was extensive enough to ensure thorough exploration dfon same of those that are most relevant to our work. Reuse
the PES and hence allow identification of the computecand Khann& used DFT to investigate the geometries of Ni
minimum energy structure with the ground state of the clus<lusters (=2-6, 8, 13. For the ground state of i they
ter. The forces on ions were computed using a variant of théound E,=3.22 eV andR=2.0 A. Ab initio calculations
Hellman-Feynman theorem, which includes Pulay-like cor-for C, clusters have been performed by Raghavachari and
rections to account for the fact that the basis sets are ndginkley?? (for n=2—10) using the Hartree-Fock method,
complete and move with the atorfis. The clusters were and by Hutteret al?* (for n=2—18) using DFT. For &,
allowed to relax until the interatomic forces were smallerRaghavachari and Binkley found the valugs=5.8 eV and
than 0.001 eV/A. A Mulliken population analysis was car- R=1.245 A, and Hutteet al. the valueR=1.259 A (the
ried out to obtain both the charge and spin of each atom. binding energy of ¢ was not reported by the latter authprs
As a test of the computational method, we performed calThese previously computed binding energies foy atid G
culations for Nj, C, and G, for which experimental data agree with the experimental data less well than our results.
are available for comparison. The computed binding energieBor C;, a bent singlet ground state structure wi
E, and bond length® of Ni, and G are, respectivelyk, =1.305 A anda=153.3° has been found by Hutter al**
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. . . . the results obtained for the mixed clusters are as follows.
FIG. 3. Stru_ctures, binding energies and to_tal spins of the eight The computed binding energy and bond length of NiC are
lowest-energy isomers found for )G, and the five lowest-energy E,=4.13 eV andR=1.67 A. This cluster is predicted to

isomers found for NiCs. Large spheres represent Ni atoms, smaller . - . .
spheres C atoms. The bond lengths of the ground state structures ar%ve. antlferromagn_etlc ng qrderlng. The same result was
as follows. NiCs, Ryp=Reg=1.85 A, Rys=Ry;s=1.29 A, Ry tained l_3y Andriotiset al® using the TBMD method, but
=138 A; Ni,Cs, R;;=Rg;=1.81 A, Rys=Ras=Rus=Reg their predlctgd absolute value for the magnetlc moments of
—1.34 A. Geometries identified by Andriotist al® as the mini- e C and Ni atoms, 0.334, where s is the Bohr mag-
mum energy structures for NiGand NiG, are marked by an aster- Neton, is much larger that the value obtained in our calcula-
isk. tions, 0.01Lg.

For NiC,, our calculations predict that a triplet triangular
using DFT, but the Hartree-Fock calculations of Raghavaform is the ground state. There is a charge transfer ofed.17
chari and Binklef” predicted that the minimum energy from the Ni atom to the C atoms, wheeés the charge of the
structure of G is a linear chain with C-C distances of electron, and the magnetic moments of the Ni and C atoms
1.278 A and a binding energy of 12.7 eV. Our calculationsare u(Ni)=0.94ug and u(C)=0.53ug, respectively.
show that the bent and the linear forms of &re, in fact, Hence the magnetic moment of the Ni atom in Ni€ not
almost isoenergeti@heir energy difference is only 0.01 &V  far from its free-atom value, Ag. The minimum-energy

Having tested the method, we performed calculations fostructure of NiG was found to be a singlet linear chain in
the mixed clusters Ni¢C(n=1—-6) and Ni,C, (n=4—6).  which there is no significant charge transfer and the magnetic
The structures, binding energies, and total spins of thenoment of every atom is zero.
lowest-energy isomers of NjC(n=2-6) and NC, (n In the case of Nig, we found a triplet linear form to be
=4—6) are shown in Figs. 1-4; bond lengths and bondthe ground state. The magnetic moment of the Ni atom is
angles are only given for the ground state structures. Exceft.79ug and those of the C atoms agg2)=0.28ug, 1(3)
for NiC,, NiCs, and NiG, all these clusters were studied by =0.20ug, u(4)=0.14ug, and u(5)=0.58up (see Fig. 1
Andriotis et al® using the TBMD method; and except in the for atom numbering The C atom farthest from the Ni atom
case of NjCq, which is discussed below, the geometrieshas an excess charge of 0e2which is taken from the C
identified by Andriotiset al. as minimum energy structures atoms at intermediate positions. The C atom closest to the Ni
have been marked by an asterisk, although it should batom takes only 0.@8from it.
pointed out that all the NC,, clusters studied by these au-  For NiC; we found the ground state to be a singlet linear
thors were predicted to have ground state structures of zerghain with the Ni atom at one end. All the atoms have zero
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magnetic moment, and the C atom farthest from the Ni To sum up, in this work we performeab initio MD simu-
atom has an excess charge of @2for NiCs, however, we lations of Ni, C,, C3 and Ni-C cluster§NiC, (n=1-6)
found a triplet cyclic ground state, witl(1)=0.7845,  and NbC, (n=4-6)] using a DFT-based method, standard
w(2)=0.46ug, u(3)=0.13ug, m(4)=0.255, u(5) horm-conserving pseudopotentials and the GGA to the ex-

=0.08u5, w(6)=—0.02ug, u(7)=0.31ug, and a small ic:nhangg and correlatipﬂ. Ou_rI rglsults for_ the plfrgaciggtl%rzs are
excess charge on C atoms 2, 4, and 6. good agreement with available experimental ddta; .
. . . which they generally approximate better than those obtained
For Ni,C, we found the ground state to be a triplet linear, 1 eviousab initio studies of these clustefs:? For the
chain with 11(1)=u(6)=0.80ug, 1(2)=w(5)=0.14ug,  mixed NiG, and Ni,C, clusters our results differ markedly
and u(3)=u(4)=0.07ug. The two C atoms closest to the from those obtained by Andriotiet al® using the TBM
Ni atoms bear an excess charge of @.18f which 0.0& is  method: we found no three-dimensional ground state struc-
taken from the Ni atom and 0.&%rom the neighboring C tures, and total spin is not always zero. Our results do agree
atom. qualitatively with Andriotiset al.'s findings in that the mag-
For Ni,Cs our predicted ground state structure is a singleth€tic moment of each Ni atom in the Ni-C clusters is pre-
linear chain. All the atoms have zero magnetic moment andlicted to be smaller than its free-atom value, being in some

the Ni atoms and neighboring C atoms bear a slight exces2Ses zero. These results show that larger sizes than those
studied here are necessary for these complex Ni-C clusters to
charge

For Ni,Cs, Andriotis et al? found that a starting hexago- adopt three-dimensional structures. The size at which this

nal bipyramid with apical Ni atoms was unstable and relaxed®©CYrs for these and other TM-C clusters is an open question.

to a distorted cubic structure. According to our calculations We are grateful to P. Ordajofor useful comments. This
several hexagonal bipyramids are metastable and the grounbrk was supported by the CICYT, SpaifProject No.
state is a singlet cyclic structure in which all the atoms havePB98-0368-C02-02and the Xunta de GaliciéProject No.
zero magnetic momertEig. 4). PGIDT99PX120604B.
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