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Geometrical effects on the magnetism of small Ni clusters

S. Bouarab, A. Vega, M. J. Lo´pez, M. P. Iñiguez, and J. A. Alonso
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~Received 10 December 1996!

A self-consistent tight-binding method has been used to calculate the average magnetic momentsm̄ of
NiN clusters betweenN55 and 16. The geometrical structures were taken from the results of molecular-
dynamics simulations with semiempirical potentials. The agreement with experiment~minima of m̄ at N56
and 13, and a maximum forN58) is good, and the variations of the average magnetic moment are explained
as a consequence of geometrical effects: low coordinated atoms have large magnetic moments. Furthermore,
the deviation of the interatomic distances from a smooth behavior also influences the magnetic moments. The
contribution of thesp electrons to the magnetism is found to be relevant for Ni clusters with less than ten
atoms.@S0163-1829~97!06219-X#
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Transition-metal clusters have been extensively inve
gated from both experimental and theoretical viewpoin
Besides the technological interest, mainly related to m
netic devices, the fundamental question of how the electro
properties, in particular the magnetism, evolve from
small cluster regime toward the macroscopic crystal
stimulated this effort. One of the most important charact
istics intrinsically related to magnetic properties is the g
metrical structure of the material. It is well known that th
properties of itinerant 3d electrons are sensitive to chang
in the position of the atoms within the system. Therefo
spatial symmetry effects and variations of the local coor
nation number are ingredients to be taken into account f
calculation of the magnetic properties.

One of the systems experimentally studied in most de
is nickel. The evolution of the average magnetic moment
atomm̄ with cluster size has been measured by Billaset al.1

and by Apselet al.,2 both groups using a Stern-Gerlach d
flection technique. In these measurements, the average
netic moment decreases, although nonmonotonically, as
cluster size increases, reaching the bulk value of 0.61mB for
a typical size of about 600 atoms. This decrease can be
plained by the broadening of thed-band associated to th
increase of the average coordination number.3 The experi-
ments of Apselet al.,2 which were performed for size
selected clusters, display interesting features for cluster s
smaller than 100 atoms. In this region, there are pronoun
oscillations of the magnetic moment which give rise to
strong reduction of the magnetization for certain sizes~6, 13,
34, 56, . . .! and a strong increase for other sizes~5, 8, 71,
. . . , andbroad maxima around 20 and 42!. Those magnetic
magic numbers were suggested to occur as a consequen
the symmetry in the geometrical structure, and icosahe
growth appears as a candidate to explain the general tre2

Jensen and Bennemann4 developed a simple model for th
average magnetic moment in transition-metal clusters
which the individual magnetic moments of the different
oms are determined by the atomic coordination around th
atoms. By assuming bulklike structures~fcc, bcc! and differ-
ent global cluster shapes~cubic, octahedral, cubo-octahedra!
these authors demonstrated thatm̄ oscillates, and that this
magnetic ‘‘shell structure’’ reflects the progressive formati
550163-1829/97/55~19!/13279~4!/$10.00
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of atomic layers of the assumed cluster geometry. Howe
Fujima and Yamaguchi5 suggested a pure electronic-shell e
fect which completely neglects the geometrical structure
that model, the delocalizedsp electrons near the Fermi leve
indirectly control the number of holes in the minority-sp
d band, and this number changes abruptly when the num
of sp electrons is just enough to fill an electronic shell,
which case the whole shell becomes highly stabilized be
thed bands.

It is our aim to shed some light on this complex proble
by performing a self-consistent electronic calculation of t
magnetic properties of Ni clusters as a function of clus
size. For the geometries we take those determined
molecular-dynamics simulations using a semiempiri
many-body potential.6

The spin-polarized electronic structure has been de
mined by solving self-consistently a tight-binding~TB!
Hamiltonian for the 3d, 4s, and 4p valence electrons in a
mean-field approximation. Here we only give a brief accou
of the theory, and more details can be found in Ref. 7.
second quantization notation, this Hamiltonian has the
pression:

H5(
ias

« iasn̂ias1 (
a,b,s
iÞ j

t i j
abĉias

† ĉ jbs , ~1!

whereĉias
† is the operator for the creation of an electron w

spin s and orbital statea at the atomic sitei , ĉ jbs is the
annihilation operator, andn̂ias is the number operator. Th
hopping integralst i j

ab between orbitalsa and b at atomic
sites i and j are assumed to be spin independent, and h
been fitted to reproduce the band structure of the metal a
observed bulk lattice constant.8 The variation of the hopping
integrals with the interatomic distancer i j is assumed to fol-
low the usual power law (r 0 /r i j )

l1 l 811, wherer 0 is the bulk
equilibrium distance andl and l 8 are the orbital angular mo
menta of the (ias) and (jbs) states involved in the hop
ping process. The spin-dependent diagonal terms accoun
the electron-electron interaction through a shift of the orb
energy levels
13 279 © 1997 The American Physical Society



ul
io

lf

g

he
el
:

io
ts
n
of

d
ic

g
i

tt
-
s

d

for

B
ive

in

se-

o-

;

and

in
for

l
l
n

ries

-

13 280 55BOUARAB, VEGA, LÓPEZ, IÑIGUEZ, AND ALONSO
« ias5« ia
0 1zs(

b

Jab

2
m ib1V ia . ~2!

Here« ia
0 are the bare orbital energies of paramagnetic b

Ni. The second term is the shift due to the spin polarizat
of the electrons at sitei (m ib5^n̂ib↑&2^n̂ib↓&). In this term,
Jab are the exchange integrals andzs is the sign function
(z↑51, z↓5 21!. All the exchange integrals involvings and
p electrons are neglected, andJdd is determined in order to
reproduce the bulk magnetic moment. Finally, the se
consistent correctionsV ia assure the localsp and d elec-
tronic occupations, fixed in our model by interpolatin
between the isolated atom (d8,s2,p0) and the bulk
(d9.1, sp0.9) according to the local number of neighbors. T
spin-dependent local electronic occupations are s
consistently determined from the local densities of states

^n̂ias&5E
2`

«F
r ias~«!d«, ~3!

which are calculated at each iteration by using the recurs
method.9 In this way, the local magnetic momen
(m i5(am ia) and the average magnetic mome
@m̄5 (1/N) ( im i # of NiN clusters are obtained at the end
the self-consistent procedure.

The cluster geometries and interatomic distances use
the calculations have been taken from molecular dynam
simulations performed by Lo´pez and Jellinek,6 who used a
many-body potential10 whose form is based on tight-bindin
theory11 and their parameters are fitted to properties of N2
and bulk Ni.

The average magnetic moment per atom has been plo
in Fig. 1 for Ni clusters withN55–16 atoms. We also in
clude in the same figure the experimental results of Ap
et al.,2 and the theoretical results of Reuse and Khana12 and
Andriotis, Lathiotakis, and Menon.13 Reuse and Khana use

FIG. 1. Calculated (s) and experimental~Ref. 2! (d) average
magnetic moments~per atom! of Ni clusters. Density-functiona
predictions~Ref. 12! (n) are given forN55, 6, 8, and 13, as wel
as the results of Ref. 13 (h), obtained with a Hubbard Hamiltonia
combined with a TB molecular dynamics method, forN55–8, and
12–14.
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density-functional theory and certain specific geometries
Ni5 , Ni6 , Ni8 , and Ni13 whereas Andriotis, Lathiotakis, and
Menon combined a Hubbard Hamiltonian with a T
molecular-dynamics method. We obtain a perfect qualitat
agreement with experiment: pronounced local minima ofm̄
atN56 and 13, and a maximum atN58. In Fig. 2 we give
the atomic structures forN55–16. Ni13 is an icosahedron
with an atom inside. The coordination of the surface atoms
this cluster isz56. Either by removing or by adding one
atom, the resulting clusters~Ni12 and Ni14, respectively!
contain some atoms with coordination lower than 6. Con
quently, the minimum ofm̄ at Ni13 can be explained by the
compact structure of this cluster. The local magnetic m
ments of Ni12, Ni13, and Ni14, given in Table I, reflect the
effect of coordination. Ni13 only has two types of inequiva-
lent atoms~inner and surface atoms!, and this number is
larger for Ni12 and Ni14 ~four and six types, respectively
these are explicitly indicated in Fig. 3!. The low coordination
of some atoms leads to large local magnetic moments,
consequentlym̄ increases. Ni6 is an octahedron formed by
atoms with coordinationz54. In Ni7 , which is a pentagonal
bipyramid, the coordination of two atoms increases toz
56, remainingz54 for the rest. Ni8 has four atoms with
coordinationz55 and four atoms with coordinationz54,
which leads to a mean coordination slightly lower than
Ni7 , and afterwards the coordination increases again
Ni9 . This would lead us to expect a maximum ofm̄ for

FIG. 2. Calculated most stable structures and their symmet
for NiN , N55–16.

TABLE I. Local magnetic moments at different types of in
equivalent sites in the cluster, for Ni12, Ni13, and Ni14.

Type of site
Size 1 2 3 4 5 6

N513 0.84 1.20
N512 0.87 1.21 1.34 1.43
N514 0.79 1.22 1.39 1.35 1.33 1.68
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Ni8 , which is indeed observed, and a minimum for Ni7 .
Instead, the observed and the calculated minima occu
Ni6 , and the reason is that the average first-neighbor dista
d has a local maximum at Ni7 (d is larger at this cluster
compared to Ni6 and Ni8). This anomalously larged works
against the increase of the coordination number from Ni6 to
Ni7 , and the larger separation between atoms in Ni7 leads to
the local minimum ofm̄ at Ni6 . In summary, the oscillations
in m̄ between Ni5 and Ni16 can be explained by purely geo
metrical effects: compact clusters have smallm̄, and clusters
with low coordinated atoms and/or with large interatom
distances have largem̄. The same ideas have been used
explain the behavior of the magnetic moment at planar s
faces or surfaces with defects.14

In Fig. 4 we compare the orbital-projected density
states of the clusters Ni5 , Ni6 , and Ni7 . A common feature
of the three sizes is the tendency toward magnetic satura
characteristic of the atomic limit. The occupied states of
majority-spin band have mainlyd character with the excep
tion of the peak closer to the Fermi level, that hassp char-
acter.d-holes are present in the minority-spin band, with

FIG. 3. Structure of Ni12, Ni13, and Ni14, with the inequivalent
sites indicated.

FIG. 4. Density of states, decomposed by orbitalsp ~dashed
line! andd characters~thick line!, for Ni5 , Ni6 , and Ni7 . Positive
~negative! values refer to up-~down-! spin. The vertical line indi-
cates the position of the Fermi level.
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large contribution ofd states at the Fermi level. The integr
tion of the density of states givesd magnetic moments o
1.6mB , 1.52mB , and 1.50mB for Ni5 , Ni6 , and Ni7 , respec-
tively. The differences between the magnetic moments of
three clusters arise mainly from thesp states. For Ni5 , the
sp peak near the Fermi energy is split. The peak of
majority band lies in the occupied part of the spectru
whereas the peak of the minority band lies in the unoccup
part. Thissp splitting is also observed in Ni7 , but not for
Ni6 . As a consequence, thespmagnetic moment for Ni5 and
Ni7 (0.29mB and 0.21mB , respectively!, points in the same
direction of thed contribution, whereas for Ni6 the sp con-
tribution to the magnetic moment (20.15mB) points in the
opposite direction. It is well known that for transition meta
at the end of the series~Co, Ni, and Cu!, thesp states con-
tribute to the magnetism throughsp-d hybridization. Our
cluster results give further support for this effect. The int
play between cluster symmetry and hybridization is a
counted for in the self-consistent electronic structure cal
lation. Thesp contribution to the magnetic moment appea
to decay quickly with cluster size: already for siz
N512–14, thissp contribution is negligible.

By comparing our results for 5, 6, 8, and 13 with tho
obtained by Reuse and Khanna12 through ab initio linear
combination of atomic orbital~LCAO! density-functional
calculations, one notices the similar trend for 5-6-13~al-
though with a substantial difference in the values ofm̄), but
a disagreement in the qualitative behavior forN58. The
strong increase of the magnetization experimentally m
sured betweenN56 and 8 is not obtained by these autho
The geometries used in both theoretical calculations
N55 and 6 andN513 are similar, i.e., bipyramids fo
N55 and 6 and an icosahedron forN513, although with
different interatomic distances~larger in our TB calcula-
tions!, but forN58 the geometry used by Reuse and Khan
is a regular cube, different from our structure given in Fig.
In order to clarify the source of the discrepancies betwe
both theoretical calculations, we performed TB calculatio
for N55, 6, and 8 using the geometries and interatomic d
tances of Reuse and Khanna, and obtained magnetic
ments differing from our earlier ones by no more th
0.06mB . We then conclude that the discrepancies betw
the TB and LCAO density-functional theory calculation
arise from the treatment of the electronic problem. Our c
culations also reproduce the experimental trend better t
those of Ref. 13. Those authors obtained a local maximum
m̄ at Ni13 ~instead of a minimum!, and a spurious minimum
at Ni7 .

The icosahedral structure around Ni13 is consistent with
reactivity experiments15 with N2 and other molecules. Ex
tending our calculations to larger clusters becomes incre
ingly difficult. The main reason is the determination of th
geometrical structure of the cluster as a function of si
Reactivity experiments15–17 indicated the icosahedral struc
ture near Ni55, but the situation for sizes midway betwee
Ni13 and Ni55 is less clear. Several calculations of the stru
tures in this size range have been performed,13,18–20although
there are discrepancies between the results of the diffe
methods. We performed preliminary calculations of the a
erage magnetic moment for clusters near Ni55 using an icosa-
hedral model, and we verified thatm̄ has a local minimum at
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Ni55 that can be explained by the same arguments used a
to explain the local minimum at Ni13. However, explaining
the experimental magnetic moments of the whole seque
between Ni13 and Ni55 seems to be a much more demandi
task which would require, no doubt, an accurate determ
tion of the ground state geometries as a function of the c
ter size.

Our calculations, although only covering a restrict
range of cluster sizes, support the physical picture propo
by Jensen and Bennemann.4 In this picture surface and bulk
like atoms have different magnetic moments, and the os
lations of m̄ originate from the progressive formation o
shells of atoms, reflecting the atomic structure. Minima
predicted form̄ when the cluster has a compact atomic str
ture of closed atomic shells. Jensen and Bennemann stu
the implications of an fcc cubo-octahedral~CO! growth as
well as other growth models. Although they did not study t
icosahedral~ICO! growth, perfect CO and ICO clusters hav
the same number of atoms: 13, 55, 147,. . . , sotheir model
would predict minima ofm̄ for icosahedra with N513, 55,
147, . . . . Our calculations confirm the ICO structure
Ni13, and assuming the ICO structure around Ni55 we obtain
minima for m̄ atN513 and 55. Furthermore, this interpret
tion agrees with the location of the observed minima
Apselet al.’s experiment.2

We are less certain about the interpretation of the exp
mental maxima ofm̄. The maximum at Ni8 is reproduced in
our calculations, again as a geometrical effect, and it is p
sible that other maxima also arise from geometrical effe
However, maxima have been observed in the experime2

nearN520, 40, and 70, which are well-known magic num
bers of the spherical jellium model.21 The model of Fujima
and Yamaguchi5 distinguishes between localized levels d
rived from atomic 3d electrons and delocalized levels d
rived from 4s electrons. The 4s-derived levels are describe
as electronic levels in a smooth harmonic potential, and
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above the Fermi energy in small Ni clusters. But, asN
grows, the binding energy of those highly degenerate lev
increases, moving under the 3d band. Fujima and Yamagu
chi’s model assumes that this occurs suddenly when
number of electrons is just enough to fill a shell. Associa
with this transfer there is a sudden increase in the numbe
holes in the minorityd band, with an abrupt increase ofm̄.
The mechanism of transfer of 4s-derived levels from above
the Fermi level to below thed band is supported by earlie
density-functional calculations by the same authors,22 and
the maxima observed in the experiments nearN520, 40, and
70 could be indicative of this effect. However in Fujima an
Yamaguchi’s model the minima and maxima are too clo
due to the drastic assumption of the global transfer o
whole electronic shell. The experiment reveals that
minima of m̄ are well separated from the maxima, and t
calculations22 also show that the transfer of electron levels
not as drastic. We conclude that Fujima and Yamaguc
model fails in explaining the physical effect behind th
minima of m̄, but this model might have some relevance f
explaining the maxima. More work is required to clarify th
detailed behavior ofm̄ for N larger than 16.

In summary, we used molecular dynamics and the tig
binding method to calculate the average magnetic momen
NiN clusters betweenN55 and 16. The agreement with th
experimental results of Apselet al.2 in this size range is
rather good, and the variation ofm̄ is explained as a conse
quence of geometrical effects: low coordinated atoms h
large local magnetic moments. The deviation of interatom
distances from a smooth behavior also influencesm̄, some-
times strongly.
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López, Phys. Rev. B54, 5961~1996!.
20W. J. Hu, L. M. Mei, and H. Li, Solid State Commun.100, 129

~1996!.
21W. A. de Heer, W. D. Knight, M. Y. Chou, and M. L. Cohen, i

Solid State Physics, edited by H. Ehrenreich and D. Turnbu
~Academic, New York, 1987!, Vol. 40, p. 93.

22N. Fujima and T. Yamaguchi, J. Phys. Soc. Jpn.58, 3290~1989!.


