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Geometrical effects on the magnetism of small Ni clusters

S. Bouarab, A. Vega, M. J. lpez, M. P. Tiguez, and J. A. Alonso
Departamento de Bica Teaica, Universidad de Valladolid, E-47011 Valladolid, Spain
(Received 10 December 1996

A self-consistent tight-binding method has been used to calculate the average magnetic morénts
Niy clusters betweetN=5 and 16. The geometrical structures were taken from the results of molecular-
dynamics simulations with semiempirical potentials. The agreement with experiméiia of u at N=6
and 13, and a maximum fdf=8) 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.[S0163-18207)06219-X]

Transition-metal clusters have been extensively investiof atomic layers of the assumed cluster geometry. However,
gated from both experimental and theoretical viewpointsFujima and Yamaguchsuggested a pure electronic-shell ef-
Besides the technological interest, mainly related to magfect which completely neglects the geometrical structure. In
netic devices, the fundamental question of how the electronithat model, the delocalizesp electrons near the Fermi level
properties, in particular the magnetism, evolve from theindirectly control the number of holes in the minority-spin
small cluster regime toward the macroscopic crystal hagl band, and this number changes abruptly when the number
stimulated this effort. One of the most important characterof sp electrons is just enough to fill an electronic shell, in
istics intrinsically related to magnetic properties is the geowhich case the whole shell becomes highly stabilized below
metrical structure of the material. It is well known that the thed bands.
properties of itinerant @ electrons are sensitive to changes It is our aim to shed some light on this complex problem
in the position of the atoms within the system. Therefore by performing a self-consistent electronic calculation of the
spatial symmetry effects and variations of the local coordi-nagnetic properties of Ni clusters as a function of cluster
nation number are ingredients to be taken into account for &ize. For the geometries we take those determined by
calculation of the magnetic properties. molecular-dynamics simulations using a semiempirical

One of the systems experimentally studied in most detaimany-body potentidi.
is nickel. The evolution of the average magnetic moment per The spin-polarized electronic structure has been deter-
atom . with cluster size has been measured by Bitasl!  mined by solving self-consistently a tight-binding'B)
and by Apselet al.? both groups using a Stern-Gerlach de- Hamiltonian for the 8, 4s, and 4 valence electrons in a
flection technique. In these measurements, the average magean-field approximation. Here we only give a brief account
netic moment decreases, although nonmonotonically, as thef the theory, and more details can be found in Ref. 7. In
cluster size increases, reaching the bulk value of @6fbr ~ second quantization notation, this Hamiltonian has the ex-
a typical size of about 600 atoms. This decrease can be egression:
plained by the broadening of thedband associated to the
increase of the average coordination numb@he experi-
ments of Apselet al,? which were performed for size- H:z €iwoNi e+ 2 ticjrﬁei‘rwewm (1)
selected clusters, display interesting features for cluster sizes laoc a.p.o
smaller than 100 atoms. In this region, there are pronounced
oscillations of the magnetic moment which give rise to a
strong reduction of the magnetization for certain sigesl3,
34, 56, ..) and a strong increase for other sidés 8, 71,

i%]
wheret/ is the operator for the creation of an electron with
spin o and orbital statex at the atomic sité, C;z, is the

..., andbroad maxima around 20 and¥Zhose magnetic 2nnihilation operag%r, and; , is the number operator. The
magic numbers were suggested to occur as a consequence/@PPINg integralsj” between orbitalsx and g at atomic

the symmetry in the geometrical structure, and icosahedralitési andj are assumed to be spin independent, and have
growth appears as a candidate to explain the general #rendoeen fitted to reprpduce the band structure of the meta_l at the
Jensen and Bennemdndeveloped a simple model for the _observed b_ulk Iattl_ce constg‘hﬂ.’he variation of the hopping
average magnetic moment in transition-metal clusters ifntegrals with the interatomic distaneg is assumed to fol-
which the individual magnetic moments of the different at-low the usual power Iawr()/rij)“rI *+1 wherer is the bulk
oms are determined by the atomic coordination around thosequilibrium distance antlandl’ are the orbital angular mo-
atoms. By assuming bulklike structurésc, bcg and differ-  menta of the (wo) and (Bo) states involved in the hop-
ent global cluster shapésubic, octahedral, cubo-octahedral ping process. The spin-dependent diagonal terms account for
these authors demonstrated thatoscillates, and that this the electron-electron interaction through a shift of the orbital
magnetic “shell structure” reflects the progressive formationenergy levels

0163-1829/97/58.9)/132794)/$10.00 55 13279 © 1997 The American Physical Society



13280 BOUARAB, VEGA, Lé)PEZ, INGUEZ, AND ALONSO 55

2.0 . ; 1

—

2]
S8t .

g 16 N
~

w© 5 (Dan) 6 (Op) 7 (Dsp) 8 (Dza)
514t 1

=%
)

S 12 b

@

E ol ]

=

w08 - ~o _ 9 (Cav) 10 (Cav) 11 (Cay) 12 (Csv)
s 7 S

2 >

80 0.6 a :

S
E 0.4 1 L 1 L L 1

4 6 8 10 12 14 16
Number of Atoms
FIG. 1. Calculated ©) and experimentalRef. 2 (®) average 13 (Ip) 14 (Cay) 15 (Cay) 16 (Cg)
magnetic momentgper atom of Ni clusters. Density-functional
predictions(Ref. 12 (A) are given folN=5, 6, 8, and 13, as well FIG. 2. Calculated most stable structures and their symmetries

as the results of Ref. 13{), obtained with a Hubbard Hamiltonian for Niy, N=5-16.
combined with a TB molecular dynamics method, for5-8, and

12-14. density-functional theory and certain specific geometries for

Nis, Nig, Nig, and Ni3; whereas Andriotis, Lathiotakis, and
@) Menon combined a Hubbard Hamiltonian with a TB
molecular-dynamics method. We obtain a perfect qualitative
agreement with experiment: pronounced local minimauof
Here sioa are the bare orbital energies of paramagnetic bullgt N=6 and 13, and a maximum &t=8. In Fig. 2 we give
Ni. The second term is the shift due to the spin polarizatiorthe atomic structures fol=5-16. Ni3 is an icosahedron
of the electrons at sitie(uiz=(N;z1)—(Nig;)). Inthisterm,  with an atom inside. The coordination of the surface atoms in
J.p are the exchange integrals amg is the sign function this cluster isz=6. Either by removing or by adding one
(zy=1,z;= —1). All the exchange integrals involvingand  atom, the resulting clusteréNi;, and Ni,, respectively
p electrons are neglected, adgl; is determined in order to contain some atoms with coordination lower than 6. Conse-
reproduce the bulk magnetic moment. Finally, the self-quently, the minimum ofx at Ni;3 can be explained by the
consistent correction§l;, assure the locasp andd elec-  compact structure of this cluster. The local magnetic mo-
tronic occupations, fixed in our model by interpolating ments of Nj,, Ni;3, and N, given in Table I, reflect the
between the isolated atomdYs®p°) and the bulk effect of coordination. Ni; only has two types of inequiva-
(d%%, sp®9) according to the local number of neighbors. Thelent atoms(inner and surface atomsand this number is
spin-dependent local electronic occupations are selftarger for Nip, and Niy4 (four and six types, respectively;
consistently determined from the local densities of states: these are explicitly indicated in Fig).3The low coordination
of some atoms leads to large local magnetic moments, and
(Piae) = JSFP‘ (2)de 3) consequentlyu increases. Niis an octahedron formed by
e 1 ' atoms with coordinatioz=4. In Ni;, which is a pentagonal
bipyramid, the coordination of two atoms increaseszto
which are calculated at each iteration by using the recursion- g, remainingz=4 for the rest. Nj has four atoms with
method”? In this way, the local magnetic moments coordinationz=5 and four atoms with coordination=4,
(#i=Z,mi,) and the average magnetic momentyhich leads to a mean coordination slightly lower than in
[n= (1N) Z;ui] of Niy clusters are obtained at the end of Nj,  and afterwards the coordination increases again for

the self-consistent procedure. o Nig. This would lead us to expect a maximum gaf for
The cluster geometries and interatomic distances used in

the calculations have been taken from molecular dynamics
simulations performed by lpez and JellineR,who used a

many-body potentidf whose form is based on tight-binding
theory'! and their parameters are fitted to properties of Ni

J
.0 aB
sia(r_sia—’—za'% 2 /*LiB+Qia'

TABLE I. Local magnetic moments at different types of in-
equivalent sites in the cluster, for Mi Ni;3, and Nig.

; T f sit
and bulk Ni. . ype ot sie
. Sdze 1 2 3 4 5 6
The average magnetic moment per atom has been plotte
in Fig. 1 for Ni clusters withN=5-16 atoms. We also in- N=13 0.84 1.20
clude in the same figure the experimental results of ApseN=12 0.87 1.21 1.34 1.43
et al,? and the theoretical results of Reuse and Khdaad N=14 079 122 139 135 133 1.68

Andriotis, Lathiotakis, and Menol¥. Reuse and Khana used
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large contribution ofl states at the Fermi level. The integra-
tion of the density of states giveds magnetic moments of
0}@(0 azeze 1.6ug, 1.52ug, and 1.5Qs for Nig, Nig, and Ni, respec-

\ tively. The differences between the magnetic moments of the
three clusters arise mainly from tlsg states. For Nj, the
sp peak near the Fermi energy is split. The peak of the
majority band lies in the occupied part of the spectrum,
whereas the peak of the minority band lies in the unoccupied
part. Thissp splitting is also observed in Nj but not for
FIG. 3. Structure of Ni, Niy3 and Nig4, with the inequivalent Nig. As a consequence, tisp magnetic moment for Niand

sites indicated. Ni; (0.29up and 0.2ug, respectively, points in the same
direction of thed contribution, whereas for lithe sp con-

Nig, which is indeed observed, and a minimum for,Ni {ribution to the magnetic moment-0.1%ug) points in the
Instead. the observed and the calculated minima occur QPPOsite direction. Itis well known that for transition metals
Nig, and the reason is that the average first-neighbor distanc the end of the serie€o, Ni, and Cu, the sp states con-

d has a local maximum at Ni(d is larger at this cluster tribute to the magnetism througbp-d hy_br|d|zat|on. O_ur
compared to Nj and Ni;). This anomalously largd works cluster results give further support for this effect. The inter-
against the increase of the coordination number frogittli  Play between cluster symmetry and hybridization is ac-
Ni,, and the larger separation between atoms inlétds to cqunted for in the .self'—conS|stent electrqnlc structure calcu-
the local minimum ofu at Nig. In summary, the oscillations lation. Thesp pontnbu_tlon to the magnetic moment appears
in u between Nj and Nig can be explained by purely geo- to decay qu!ckly W'th cI_ustgr Size. already for  sizes
metrical effects: compact clusters have smalland clusters N:Blz_ 14, thissp contrlbultlor; IS negll%lble.d 13 with th
with low coordinated atoms and/or with large interatomic _BY comparing our results for 5, 6, 8, an with those

distances have large. The same ideas have been used toobtained by Reuse and Kharthahrough ab initio linear

explain the behavior of the magnetic moment at planar Sur(_;ombination of atomic orbitaf{LCAO) density-functional

faces or surfaces with defedfs. calculations, one notices the similar trend for 5-6-&3

In Fig. 4 we compare the orbital-projected density ofthOl_Jgh with a sut_)stantial diff_ere_nce in the_ valuequgf but
states of the clusters Ni Nig, and Ni,. A common feature a d|sag.reement in the quahtatl_ve _behawor N'ts- The
of the three sizes is the tendency toward magnetic saturatiotf o"g Increase of the magnetization experimentally mea-
characteristic of the atomic limit. The occupied states of thesured betwee_|N=6 and _8 IS not obtalne_d by these a_uthors.
majority-spin band have mainlg character with the excep- The geometries used in bOth t.heort.etlcal .CaICUIé.lt'OnS for
tion of the peak closer to the Fermi level, that lsgschar- N—° and 6 andN=13 are similar, i.e., bipyramids for

acter.d-holes are present in the minority-spin band, with aN.:5 anq 6 and an ic_osahedron fNr:. 13, although with
different interatomic distanceflarger in our TB calcula-

tions), but forN=_8 the geometry used by Reuse and Khanna

12 (Csv)

60 ' ' is a regular cube, different from our structure given in Fig. 2.
0L N i In order to clarify the source of the discrepancies between
5 , WM both theoretical calculations, we performed TB calculations
0 v '\,x; Y for N=5, 6, and 8 using the geometries and interatomic dis-
30 | ' i tances of Reuse and Khanna, and obtained magnetic mo-
ments differing from our earlier ones by no more than
w 50 0.06ug . We then conclude that the discrepancies between
3 the TB and LCAO density-functional theory calculations
é 30 ' arise from the treatment of the electronic problem. Our cal-
] ol ,"'\ j\ N culations also reproduce the experimental trend better than
2 ‘»;' H "' those of Ref. 13. Those authors obtained a local maximum of
g -30 ) ] w at Nijz (instead of a minimum and a spurious minimum
8 o . at Ni;.
The icosahedral structure around;{is consistent with
37 reactivity experiments with N, and other molecules. Ex-
tending our calculations to larger clusters becomes increas-
7] ingly difficult. The main reason is the determination of the
23 geometrical structure of the cluster as a function of size.
Reactivity experiments~*’ indicated the icosahedral struc-
-53 o5 10 ture near Njs, but the situation for sizes midway between

-1.0 -0.5 0.0 ) 95 .
Energy (Ry) Ni;3 and Nig is less clear. Several calculations of the struc-

tures in this size range have been perfortied; 2 although
FIG. 4. Density of states, decomposed by orbital (dashed there are discrepancies between the results of the different
line) andd charactergthick line), for Nig, Nig, and Ni. Positive =~ methods. We performed preliminary calculations of the av-
(negative values refer to up¢down? spin. The vertical line indi- erage magnetic moment for clusters neagsNsing an icosa-
cates the position of the Fermi level. hedral model, and we verified thathas a local minimum at
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Niss that can be explained by the same arguments used abo@@ove the Fermi energy in small Ni clusters. But, Ms
to explain the local minimum at Nj. However, explaining grows, the binding energy of those highly degenerate levels
the experimental magnetic moments of the whole sequendgcreases, moving under thel band. Fujima and Yamagu-

between Nj; and Niss seems to be a much more demandingChi’s model assumes that this occurs suddenly when the
task which would require, no doubt, an accurate determinadumber of electrons is just enough to fill a shell. Associated

tion of the ground state geometries as a function of the clugWith this transfer there is a sudden increase in the number of
ter size holes in the minorityd band, with an abrupt increase pof

Our calculations, although only covering a restrictedThe mechanism of transfer os4derived levels from above

range of cluster sizes, support the physical picture propose?e Fermi level to below the band is supported by earlier

by Jensen and Bennemahm this picture surface and bulk- ensity-functional calgulations by. the same autiibrand

like atoms have different magnetic moments, and the oscil'Ehe maxima pbgervgd In thg experiments mtar?O, 40 and

lations of u originate from the progressive formation of 70 could b? indicative of th!s'effect. Howeyer in Fujima and
Yamaguchi’'s model the minima and maxima are too close

shells of atoms, reflecting the atomic structure. Minima are

predicted foru when the cluster has a compact atomic struc-due to the drastic assumption of the global transfer of a

ture of closed atomic shells. Jensen and Bennemann studi(‘-.(ﬂ"qle electronic shell. The experiment reveals that the

the implications of an fcc cubo-octahedi@O) growth as minima .Of"‘z are well separated from the maxima, and the
well as other growth models. Although they did not study thecalculaﬂon% also show that the transfer of electron levels is
not as drastic. We conclude that Fujima and Yamaguchi's

i h I h f I I h
icosahedrallCO) growth, perfect CO and ICO clusters have model fails in explaining the physical effect behind the

the same number of atoms: 13, 55, 147,, sotheir model o P . .
minima of w, but this model might have some relevance for

would predict minima ofu for icosahedra with N-13, 55, 2 . . ) )
147, .... Our calculations confirm the ICO structure of €XPlaining the maxima. More work is required to clarify the
' detailed behavior of. for N larger than 16.

Ni;3, and assuming the ICO structure aroungsNe obtain . .
13 g 9 In summary, we used molecular dynamics and the tight-

minima for w at N=13 and 55. Furthermore, this interpreta- . " :
tion agrees with the location of the observed minima inbl.ndmg method to calculate the average magnetic mgment of
Apselet al’s experiment Niy clusters betweehN=5 and 16.2The agreement with the
We are less certain about the interpretation of the experi(?)(pe”mem"’II results of _Apse}t_al_. n th|_s Siz€ range 15
mental maxima ofu. The maximum at Njis reproduced in rather good, and th_e variation gf is expla|_ned as a conse-
guence of geometrical effects: low coordinated atoms have

our calculations, again as a geometrical effect, and it is plauI local i ts. The deviati f interatomi
sible that other maxima also arise from geometrical effects.2'9€ local magnetic moments. the deviation of interatomic
istances from a smooth behavior also influengesome-

However, maxima have been observed in the experirﬁentsd
nearN=20, 40, and 70, which are well-known magic num- times strongly.

bers of the spherical jellium mod&l.The model of Fujima We acknowledge L. C. Ballsaand F. Aguilera for inter-
and Yamaguchi distinguishes between localized levels de-esting discussions. This work was supported by DGICYT
rived from atomic 3 electrons and delocalized levels de- (Grant No. PB95-0720-C02-0And Junta de Castillay Leon
rived from 4s electrons. The g-derived levels are described (Grant No. VA25-95. S.B. acknowledges support from
as electronic levels in a smooth harmonic potential, and lieDGICYT.
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