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Orbital polarization, surface enhancement and quantum confinement in nanocluster magnetism
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Within a rather general tight-binding framework, we studied the magnetic properties of Nin clusters with
n59 –60. In addition to usual hopping, exchange, and spin-orbit coupling terms, our Hamiltonian also in-
cluded orbital correlation and valence orbital shift of surface atoms. We show that orbital moment not only
contributes appreciably to the total moment in this range of cluster size, but also dominates the oscillation of
total moment with respect to the cluster size. Surface enhancement is found to occur not only for spin but, even
stronger, also for orbital moment. The magnitude of this enhancement depends mainly on the coordination
deficit of surface atoms, well described by a simple interpolation. For very small clusters (n<20), quantum
confinement of 4s electrons has drastic effects on 3d electron occupation, and thus greatly influences both spin
and orbital magnetic moments. With physically reasonable parameters to account for orbital correlation and
surface valence orbital shift, our results are in good quantitative agreement with available experiments, evi-
dencing the construction of a unified theoretical framework for nanocluster magnetism.
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I. INTRODUCTION

Theoretical and experimental studies have demonstr
that magnetism of materials is strongly affected by their
mensionalities and sizes. This has been clearly illustrate
multilayers and gas-phase clusters whose sizes can b
duced to atomic level. The strong size dependence of m
netic moment opens new possibilities to design mater
with specific and tailored properties. Recently, transit
metal nanoclusters have attracted considerable attention
to both theoretical and practical interests. Using the Ste
Gerlach deflection technique, Billaset al.1,2 measured the
magnetic moments of Ni, Fe, and Co clusters ranging fr
about 25 to 700 atoms. It was shown that small clust
usually possessed large magnetic moments, e.g., a
1mB /atom for Ni20230. Using the same technique, Aps
et al.3 performed more accurate measurements for nic
clusters containing 5 to 740 atoms. In addition to an ove
decrease with increasing cluster size, they found the m
netic moment to exhibit characteristic oscillations. A pr
nounced sharp minimum was found atn513, and other less
pronounced minima atn56, 34, and 56~see dashed lines in
Fig. 1!. Different from Billias et al., Apsel et al. found that
the approach to bulk magnetism was much slower. For
ample, the magnetic moment was larger than 0.70mB /atom
even up ton5500. Very recently, Knickelbein4 again mea-
sured the magnetic moments of small Ni clusters contain
7–25 atoms. While his results confirmed the pronoun
sharp moment minimum at Ni13 ~Fig. 1!, the measured mo
ment values were about 0.2mB /atom smaller than those o
Apsel et al. for most clusters. In general, all these expe
ments showed similar size dependences of magnetic
ment, despite of some quantitative differences which m
0163-1829/2004/69~17!/174414~14!/$22.50 69 1744
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come from either experimental errors or the differences
the structure of the clusters.

In a theoretical discussion, Billiaset al.2 proposed a
simple magnetic shell model to account for the size dep
dences of magnetic moments for Fe, Co, and Ni clust
They assumed their clusters to be structureless and cons
several spherical atomic shells. The magnetic moment o
atom on each shell depends only on its distance to the clu
surface. While this simple model yielded a correct decre
ing trend of magnetic moment versus size, it failed to rep
duce the oscillations superimposed on the overall decreas
is well known that giant moments exist on surface atoms
revealed in early 1980s by either local spin densi

FIG. 1. Magnetic moments as a functions of cluster size of t
experiments~solid symbols!, compared with first-principles theoret
ical values~open symbols!. Four dashed lines show the experime
tal moment minima positions.
©2004 The American Physical Society14-1
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functional~LSDA! calculations and later substantiated by e
periments~see, for example, a review by Freeman and Wu5!.
Table I lists some typical LSDA results for Ni systems
bulk and film geometries from standard full potential linea
ized augmented plan wave~FLAPW! calculations.6 For Ni
systems, the spin moment per atom drops from 2mB for an
isolated atom~Hund’s rule!, to 1.014mB for an isolated~100!
monolayer~the coordination numberZ54), and 0.675mB
for a surface atom of~100! five-layer slab (Z58), and fi-
nally to 0.561mB for a bulk crystal. Taking suchZ depen-
dence into account, Jensen and Bennenmann7 proposed a co-
ordination model for cluster magnetism, in which th
magnetic moment of an atom was assumed to depend s
on its number of nearest neighborsZ as in the film case. In
the following sections, this idea will be tested thorough
We found that, despite of the complicated local environme
for atoms on a cluster surface, this model still approximat
holds for both spin and orbital moments in cluster mag
tism.

On the other hand, Fujima and Yamaguchi8 considered the
effects of volume confinement for delocalized atomics elec-
trons in clusters. Strong bonding, less strong bonding,
anti-bonding states, depending on the global symmetry~de-
noted as capitalS, P, D, . . . ) of thelinear combination co-
efficients in the tight-binding~TB! terminology, were formed
by the delocalized atomics orbits. This volume confinemen
raises the energy separations between shells with globalS, P,
D . . . symmetry. Upon changing the cluster size, whene
one of these global shells goes through the Fermi le
which locates near the top of denserd bands, the total num
ber of s electrons changes abruptly, which in turn, chang
the number of holes in thed bands. This effect offers a pos
sible explanation for the oscillatory size dependence of m
netic moment, but Fujima and Yamaguchi provided only
qualitative suggestion. In order to convincingly identify th
oscillations observed in experiments to this quantum c
finement effect, a more rigorous treatment of thes-d cou-
pling and cluster structures should be made.

Ideally, one expects that anab initio calculation~for ex-
ample, in the LSDA framework! could automatically take the
above-mentioned surface and quantum confinement e
into account, since it can precisely determine the charg
electronic density due to the spillover on the surface, and
redistributions of thes-d electrons. But calculated resul
reported by Reuseet al.9 ~open triangles in Fig. 1! and
Reddy et al.10 ~open circles in Fig. 1! were substantially

TABLE I. Surface enhancement of spin moment and core-le
(2p3/2) shift of Ni films as calculated from standard FLAPW
method.

System Z m(mB) Shift ~eV!

Bulk 12 0.561
~111! film center 12 0.613
~100! film center 12 0.619
~111! film surface 9 0.625 0.291
~100! film surface 8 0.675 0.354
~111! monolayer 6 0.892
~100! monolayer 4 1.014
17441
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smaller by about 0.3–0.6mB /atom. And they failed to repro-
duce the moment variations—even the most pronoun
sharp minimum at Ni13. Using spin-polarized discrete varia
tional method, Fujima and Yamaguchi also studied the m
netic properties of Ni clusters.11 The calculated magnetic
moment was 0.58mB /atom for Ni19, agreeing well with
Reddyet al. and 0.73mB /atom for Ni55. In general, all cal-
culations based upon first principles showed poor agreem
by underestimating substantially the spin moment~Fig. 1!.
Considering the successes of LSDA in bulk and surface m
netism, where the calculated moments of 3d metals and al-
loys are usually in agreement with experiments within ab
0.05mB /atom, the failure in clusters is more or less out
initial expectation.

The TB method has been used to deal with even lar
clusters. The results are, in general, similar to the fir
principles ones. Using a model Hamiltonian which took in
account the electron spillover at cluster’s surfaces, We
mann and co-workers12 studied the size dependences of ma
netic moments for fcc and bcc clusters up to 177 atom
However, similar to the first-principles results, their calc
lated moments were again mostly smaller than the exp
mental ones. Alonso and co-workers also made a thoro
study for Ni clusters.13–15Using a special parametrization o
the orbital energies, they could get moment values m
higher than the LSDA results, and brought, especially in
small size range, the moment values closer to the experim
tal one. However, their results are far from satisfactory, a
the agreement seems somewhat an artifact in their param
zation scheme~see a discussion in Sec. IV A!.

We note that all those previous calculations mention
above did not consider the orbital magnetic mome
Through a general argument, it was shown that orbital c
relation has stronger effects in low-dimensional transit
metal systems than in bulk crystals by leading to orbital p
larized ground states.16 This was demonstrated also by firs
principles calculations for isolated or substrate suppor
linear-chain systems,17 and adatoms on metallic substrates18

Presumably, orbital interactions should be much more se
tive to the details of the local structures. Therefore, we
pect that the environment dependence of orbital momen
not fully quenched, should be even more remarkable t
that of spin moment. Very recently, using a TB schem
which includes orbital correlation and spin-orbit interaction
Guirado-Lópezet al.19 studied the magnetic moments for N
clusters. Their results confirmed the importance of orb
moments in Ni clusters. Since they neglected the lo
symmetry clusters and considered only a few fcc or icosa
dral geometries, their paper did not show a rather comp
size dependence of the moment to compare with exp
ments. It is thus desirable to investigate the magnetic m
ments for an as complete as possible series of Ni clust
with orbital correlation included, to check whether the d
agreement between experiments and theoretical works is
to the neglect of orbital contribution.

The present paper is organized in the following way. T
geometrical structures used will be discussed in Sec. II, an
detailed description of our model Hamiltonian will be give
in Sec. III. Calculation results are discussed in Sec. IV,

l
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ORBITAL POLARIZATION, SURFACE ENHANCEMENT . . . PHYSICAL REVIEW B 69, 174414 ~2004!
which the importance of orbital contribution is highlighte
We analyze the surface enhancement effect in Sec. V, and
quantum confinement effect in Sec. VI. Finally, Sec. VII w
summarize the results of present study.

II. CLUSTER GEOMETRY

Itinerant electron magnetism is sensitive to the atom
structure of the system. The main factors to influence
magnetic properties of small Ni clusters are~i! low atomic
coordination and the relaxation of interatomic distances
surface atoms;~ii ! quantum confinement of delocalizeds
electrons which controls indirectly the number of holes in
d bands. The first factor is basically a local geometrical
fect, and the latter one is global. Both factors may play i
portant roles in determining the electronic structure. A go
geometrical structure is therefore a crucial start in any
tempt to interpret the nanocluster magnetism. Experime
determination of a cluster geometry is difficult, since mo
clusters are too large for spectroscopic probes but too s
for diffraction probes. Therefore, people usually empl
theory to determine the cluster structures and subseque
compare some calculated properties with experiments.
fortunately, the structures of most clusters~say, over a few
tens of atoms! have not been accurately determined byab
initio calculations because of the enormous computatio
works involved. Instead, geometrical structures of na
clusters are available mostly from calculations using se
empirical interatomic potential.

Geometries of Nin with n<20 were obtained by
molecular-dynamics simulations with a semiempirical ma
body potential,20,21 and it is found that for small Ni cluster
the structure is icosahedral.14 This structure has also bee
verified subsequently by Montejano-Carrizales, In˜iguez,
Alonso, and Lo´pez ~MIAL !, Ref. 22 using an embedded
atom method. Forn larger than 13, two types of icosahedr
growth were proposed, usually called as Mackey icosahe
~MIC! and polyicosahedra~TIC!.13,22According to the MIAL
paper, the TIC growth is favored for 14<n<27 and 57<n
<67, but the MIC growth is favored for 28<n<56. This
evolution of structural symmetry is shown in Fig. 2. This s
of structures, called as the MIAL structure below for conv
nience, was the one that has been confronted in great de
with reactivity experiments.13,22

For the purpose of easy comparison, we also use
MIAL structure after the following brief analysis.23 A simple
check is made by counting the change of the total near
neighbor bonds with increasing cluster size. In general,
bond number should increase by at least 3 through ad
one atom which is put simply on top of an atomic triang
without further relaxations to bring in even more bonds. T
is true for most MIAL clusters, except Ni21, Ni29, Ni33,
Ni37, Ni40, and Ni59 where the increase of bond number
equal to or less than 2 compared with Ni20, Ni28, Ni32,
Ni36, Ni39, and Ni58, respectively. So, we suspect that the
six MIAL structures are probably artifacts of the speci
potential, or due to insufficient structural optimizations. W
neglect these six members (Ni21, Ni29, Ni33, Ni37, Ni40,
and Ni59) from the MIAL list in our following discussions,
17441
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with the concern that possible structure uncertainty may m
lead our understanding of nanocluster magnetism.

Symmetry, shape, and the size evolution are important
understanding the global behaviors of the delocalized e
tron states. For a simple and straight characterization of th
properties, three principal axes and their corresponding r
tional inertia ~marked asI 1<I 2<I 3) are calculated for the
MIAL clusters. Their ratios,I 1 /I 3 and I 2 /I 3, are plotted in
Fig. 2. At n513, 26, 28, and 55,I 1 /I 35I 2 /I 351, indicating
that these structures are spherelike. In fact, Ni13 and Ni55 are
completed icosahedral structures centering on one atom
the other hand, the center of Ni28 is on an empty tetrahedra
site. During the course of increasing size from one sphe
like cluster to another one, i.e., fromn513 to 26 and 28, or
from n528 to 55, Ni clusters first become prolate ellipso
~with I 3.I 2'I 1), and then change to oblate ellipsoid (I 3
'I 2.I 1). This evolution of cluster shape leads to a dras
change of the degeneracy of the quantum confined delo
ized s states. As the results, the behaviors of filling the
states deviate greatly from simple expectations based o
spherical jellium model~see discussions below in Sec. VI!.

Two of the moment minima~i.e.,n56 and 13! on the size
dependence of magnetic moment~vertical lines in Fig. 2!
correspond exactly to the high-symmetry spherical shap
while the other one atn556 is pretty close to the high
symmetry structure atn555. This hints to some relation
between the moment minima and the cluster symmetr
However, the relation is not exact, and there is an exc
tional minimum atn534. Detailed theoretical calculation
are necessary to clarify the true relation between the mom
minima and the cluster symmetry

III. MODEL HAMILTONIAN AND METHODOLOGY

For transition metals, the TB Hamiltonian has be
widely used because the interaction matrix elements can
easily parametrized to reproduce theab initio results in very
good accuracy. Since thes-p-d hybridization plays a major
role in determining the magnetic properties of transition m

FIG. 2. Ratio of rotational inertia,I 1 /I 3 and I 2 /I 3, and the
evolution of the MIAL structures. Four dashed lines show the
perimental moment minima positions.
4-3
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als, usually 3d, 4s, and 4p valence orbits are included, an
the interaction matrix elements are parametrized by fitt
the results to the equilibrium bulk bands. These parame
are then transferred to other nonperiodic systems, suc
disordered solids, after proper scaling to account for
change of interatomic distance. However, for the clus
problems, one should be careful to include the surface
fects, a crucial ingredient in the cluster systems, in the
Hamiltonian.

Following Hamiltonian is used in present paper to d
scribe the Ni clusters:

H5F(iLs
e i l

0ciLs
† ciLs1(

i j
(

LL8s

t i j
LL8ciLs

† cjL 8sG1HSOC1Hee

1(
i 8s

@e i 8s8
0 ci 8s8s

† ci 8s8s1tss8~Zi 8!

3~ci 8s8s
† ci 8ss1ci 8ss

† ci 8s8s!#1 (
i 8Ls

De i 8~ns8
i 8 !

3~ci 8Ls
† ci 8Ls1ci 8s8s

† ci 8s8s!. ~1!

Here ciLs
† (ciLs) is the operator of the creation~annihilation!

of an electron with spins and orbital quantum numberL
5( l ,m) at sitei. Subscriptsi 8 ands8 represent, respectively
the surface atoms and an empty orbit attached to each su
atom, as explained below.

The first term in Eq.~1! represents the usual bulk ban
through the bare orbital energiese i l

0 and the interatomic hop

ping integralst i j
LL8 between orbitL at atomi and orbitL8 at

its nearest-neighboring atomj. Values of these model param
eters are taken from standard reference,24 which are obtained
by fitting to LSDA bands of ferromagnetic fcc bulk Ni, in th
Slater-Koster approximation, and taking only the two-cen
hopping integrals. Since the spin exchange will be cons
ered in a separate interaction termHee, the parameters her
~see Table II! are the average values for two spin chann
listed in the reference book.24 As the interatomic distances i
clusters are certainly not uniform and differ more or le
from the bulk values, variation of the hopping integrals w
the interatomic distancer i j is assumed to follow a power law
(r 0 /r i j )

l 1 l 811, wherer 0 is the bulk equilibrium distance an
l and l 8 are the orbital quantum numbers of the two orb
involved in the hopping.25

The second termHSOC is the spin-orbit coupling~SOC!
given by

HSOC5j (
iLs,L8s8

^LsuSW i•LW i uL8s8&ciLs
† ciL 8s8 , ~2!

where the SOC strength is set asj50.073 eV~Table II! for
d orbitals according to Ref. 26

The third term Hee is the intraatomicd-d electron-
electron interaction, including both Coulomb and exchan
interaction, and responsible for orbital and spin polarizati
Since orbital polarization plays an important role in low
dimensional transition metal systems, following our previo
work,27 we adopt the general concept of the LDA1U
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method28 to account for it. In a generalized Hartree-Fo
approximation including all possible pairings, the Ham
tonian reads

Hee5 (
i ,Ls,L8s8

VLs,L8s8
i ciLs

† ciL 8s8 , ~3!

where

VLs,L8s8
i

5 (
L2L3

†@ULL2L8L3
nL2s̄,L3s̄

i

1~ULL2L8L3
2ULL2L3L8!nL2s,L3s

i #dss8

2ULL2L3L8nL2s̄,L3s
i ds̄s8‡2U~ni20.5!dLL8dss8

1J~nis20.5!dLL8dss8 . ~4!

Here nLs,L8s8
i

5^CiLs
† CiL 8s8& is the single-site density ma

trix determined self-consistently,nis5Tr@nLs,L8s
i

# is the

electron number of spins, s̄ means2s, andni5(snis is
the total electron number on atomi. Being an extension of
Eq. ~5! of Ref. 28, present expression is rotationally invaria
with respect to both space and spin.

Matrix elementsULL2L8L3
satisfy rotation summation re

lation as given by Eq.~6! of Ref. 28, and can all be deter
mined by two parameters, namely, the average on-site C
lomb repulsionU and the exchangeJ,

U5
1

~2l 11!2 (
mm8

Umm8mm8 , ~5!

U2J5
1

2l ~2l 11! (
mm8

~Umm8mm82Umm8m8m!. ~6!

In this formalism, the Stoner parameter, which determin
the exchange splitting of the bulk bands,16 is I 5(2lJ
1U)/(2l 11). To be compatible with the exchange splittin
in the LSDA bulk bands,I 51.12 eV~Table II! is fixed in our
calculations. However, the correlation parameterU is often
set adjustable, because its exact value may vary from sys
to system even for atoms of the same element, say, abo
eV in oxides, but less than 3 eV in metallic system.29 It is
also possible that, in the case of clusters,U values could also
be different for clusters with different sizes, or even be d
ferent for the center and boundary atoms in one single c
ter. For simplicity, such variations are neglected in pres
study. We takeU52.6 eV in most calculations, and othe
values~1.8 and 3.2 eV, as in Table II! to check the influences
of U parameter variation.

Although terms 1–3 in Hamiltonian~1! mainly depict the
physical behaviors exhibited in bulk systems, they could a
describe, at least partly, the physical effects due to the c
dination deficit of surface atoms. One example is the ba
narrowing, which transfers thes electrons to more than hal
filled d bands, leading to a surface moment reduction. Thi
well known from the earliest TB studies back to 1970s b
fore the LSDA formalism. Later, however, LSDA reveale
4-4
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TABLE II. Parameters of Hamiltonian~1!. Orbital energy, hopping integrals, SOC strength, and Sto
exchange are taken from standard references. Correlation parameter has been varied for compari
parameters for surface empty orbit and the surface valence shift have been chosen to give the most re
fit as stated in the text. All values are in units eV of except the dimensionlessZmax.

Orbital energy es
0 ep

0 ed
0

15.50 24.64 9.74

Hopping integrals Vsss Vpps Vdds Vsps Vsds Vpds

21.781 3.512 20.667 2.256 20.902 21.237
Hopping integral (p) Vppp Vddp Vpdp

0.345 0.407 0.266
Hopping integrald Vddd

20.037
SOC strengthj 0.073
Stoner exchangeI 1.12
CorrelationU 2.6, and with options 1.8, and 3.2
Surface empty orbit es8

0 Vss8s Zmax

15.50 22.460 15.8
Surface valence shiftx 2.3
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that giant moments exist on 3d transition metal surfaces
which was subsequently confirmed by experiments.5 The
physical origin for this giant moment on surface is the ene
shift of the electronic orbits of surface atom, which lowe
the electron occupancy and increase the number ofd holes
on the surface atoms. This shift is due to the spillover
surface electrons and the dipole layer thus formed on
surfaces, which has been treated properly by standard
electron LSDA calculations for Ni systems in the film geom
etry ~see Table I for the core-level shift!. However, to include
properly this energy shift in a TB study of the nanoclus
magnetism, where the surface is much more complex tha
the film geometry, is obviously a key problem, but a tough
challenge.

To account for the electron spillover existing on clus
surfaces, following Weissmann’s group12, we introduce an
extra orbits8 to each surface atomi 8 ~atom with coordina-
tion numberZ,12 for Ni clusters!, and add the fourth term
to our Hamiltonian~1!. We assume this orbits8 to locate in
the vacuum outside the surface, has ans symmetry, an en-
ergy es8

0 , and interact withs orbit of the same surface atom

by hopping integraltss8. Electron occupation of thiss8 orbit
represents the spillover of electrons from surface atom
the vacuum. In the ideal film geometry as treated by We
mann’s group, all surface atoms are identical, and the orb
energy and hopping integrals ofs8 orbit are constants. To
account for the differences of environments encountered
atoms on cluster surfaces, variations should be introduce

The smaller the local coordination, the larger the op
space of this surface atom. This change of open space
ume could be accounted for approximately by putting
hopping integral proportional to the square root of the nu
ber of coordinate deficit,

tss8~Z!5Vss8sAZmax2Z. ~7!

HereVss8s is the hopping strength betweens ands8 orbits,
Zmax is approximately the maximum allowable number
17441
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nearest-neighbor spheres, andZmax2Z is thus the number of
empty volume around an atom with coordination numberZ.
ThoughZmax512 seems to be a natural choice for Ni whic
exhibits equilibrium fcc bulk structure, we prefer to tak
bothVss8s andZmax as adjustable parameters, while keepi
es8

0 constant andes8
0

5es
0 for simplicity. The parameter val-

ues, which give the most reasonable moment variation w
respect to the coordination number of atoms, are listed a
in Table II.

After considering the spillover of electrons, Weissma
and co-workers,12 introduced an intersite Coulomb term t
describe the valence level shift,

De i5(
j

U

11UuRi2Rj u
Dnj . ~8!

Equation~8! returns to the intra-atomic Coulomb repulsio
asRi5Rj , and represents a bare Coulomb interaction wi
out any screening when atomj is far from atomi. However,
considering that the spillover of electrons on the surface m
happen in a length scale longer than an atomic radius,
think the interaction of the spilled electron might be differe
from the usual intraatomic electron-electron interaction, a
the screening could be very strong for metallic materials.
shown in the film calculations, both the charge and poten
variations are localized on the very top layer. We thus
sume, in another extreme of strong screening, that the or
shifts are localized only on the surface atoms of a cluster.
adopt a term

De i 8~ns8
i 8 !5xns8

i 8 , i 8P surface, ~9!

for this surface valence orbital shift, i.e., electron spillov
only changes the potential right on the surface atom. T
shift of orbital energy affects all valence (3d, 4s, and 4p)
orbits and the empty orbitss8 itself @see Hamiltonian~1!#.
Proportional parameterx52.3 eV~Table II! is found to give
the best fit of the surface valence orbital shift, calculated
4-5
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WAN, ZHOU, DONG, LEE, AND WANG PHYSICAL REVIEW B69, 174414 ~2004!
present paper for clusters, to the core level shift obtaine
the film geometry by LSDA calculations~see Sec. V A be-
low!.

Structures of very small clusters (n52 –8) are very open
with average coordination number less than 5. Parametr
tion used above for the description of surface effects m
lead to larger deviations. Results presented below are
for clusters withn>9.

Let us now describe the process of going to full se
consistency in present calculations. First, by switching
the exchange, correlation and the spin-orbit coupling, i
settingI 5U5j50, we get a density matrix containing th
effect of electron transfer between atoms but without s
and orbital polarization. ThenI, U, andj are turned on, and
iterations continue by adding a finite uniform diagonal sp
polarization, i.e.,Ds for spins up,2Ds for spins down, to
the nonpolarized density-matrix elements of alld orbits.
Self-consistency is achieved by solving Hamiltonian eq
tion ~1! iteratively. From the self-consistent density matr
spin magnetic momentmspin and orbital magnetic momen
morb are obtained from a vector average over the ato
moments:

mW orb5
1

n (
i

mW orb
i 5

1

n (
i

(
Ls,L8s8

nLs,L8s8
i

~LW !LL8dss8 ,

mW spin5
1

n (
i

mW spin
i 5

1

n (
i

(
Ls,L8s8

nLs,L8s8
i

~2SW !ss8dLL8 .

~10!

The total momentmW is then calculated as their vector sum
Although our iterations start from a uniform distributio

of small spin polarization and vanishing orbital polarizatio
the physical spin and orbital moments obtained by s
consistently solving Hamiltonian~1! could be nonuniform
and noncollinear. However, it is found that the noncolline
ity is very weak.

Although SOC could generate anisotropy, we did n
search for the energy minimum over all possible directio
but only compared calculations with spin along three prin
pal axes of the clusters. We found that the energy differen
are typically less than 0.005 eV/atom. The effect of SOC
moment values is almost negligible, and the moment dif
ences for three directions are less than 0.02mB /atom. Results
reported below are calculated by setting the spin along
largest inertia axis.

IV. IMPORTANCE OF ORBITAL POLARIZATION

In this section, we first separately discuss the spin
orbital contributions to the total moments in connection w
previous theoretical treatments, and then compare our re
with experimental data. We show that orbital moments
enhanced by over an order of magnitude for surface atom
nanoclusters, and dominate the oscillations of measu
magnetic moment versus cluster size. In contrast to b
crystals where theoretically calculated spin moments ag
well with the measured total moments, orbital polarization
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crucial to reach agreements with experiments in na
clusters.

A. Size dependence of spin moment

Spin moments calculated by Hamiltonian~1! are found
almost the same as those obtained by switching off orb
correlation and SOC, i.e., settingU50, andj50, but keep-
ing Stoner parameterI 51.12 eV unchanged. One can com
pare our spin moments with previous theoretical results
both LSDA and TB calculations, all of which did not con
sider orbital correlation and SOC and give only spin m
ment. Comparison with first-principles results serves a
critical justification of our TB parametrization scheme.

Figure 3 compares our results with those given by Red
et al.,10 who, using first-principles molecular-orbital theor
studied the magnetic properties of Ni clusters in most det
For Nin with n59 –14, andn519, ourmspin’s are in perfect
agreement with their results. Either Reddyet al.’s or present
spin moments drop rapidly for small clusters fromn59 to
13, in accordance with experiments~Fig. 1!, but both calcu-
lated values are obviously lower than experimental resu
However, disagreements exist forn515–18, andn520,
where our mspin’s are larger than Reddyet al. by about
0.2–0.4mB /atom. In order to understand the origin of th
discrepancy, we checked the structures used in both calc
tions, and show the coordination in Table III. It is found th
for n59 through 14, andn519, the MIAL structure used in
present calculation is exactly the same as that used by Re
et al., but for n515, 16, 17, 18, and 20, there is a big di
ference. We conclude that all differences between pres
results and Reddyet al.are not from the theoretical method
though one is a LSDA and the other is a TB calculation, b
from the structures used in two calculations.

FIG. 3. Spin moments of clusters with different sizes in pres
calculations~square!, showing good agreements with three firs
principles calculations~open symbols! for most clusters, except fo
n514, 15, 16, 17, 18, and 20, when different structures are use
explained in the text. Two other TB calculation results~solid sym-
bols! are also plotted for comparison. Three vertical dashed li
show the experimental moment minima positions.
4-6
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TABLE III. Comparison between the structures used by Reddyet al.and the MIAL structures for clusters
Nin with n59 –20. Listed are the number of atoms with coordination numberZ in parentheses, and th
number of total bonds.

n Reddyet al. MIAL
Atoms ~Z! Bonds Atoms Bonds

9 4~4!,2~5!,2~6!,1~8! 23 4~4!,2~5!,2~6!,1~8! 23
10 3~4!,3~5!,3~6!,1~9! 27 3~4!,3~5!,3~6!,1~9! 27
11 2~4!,4~5!,4~6!,1~10! 31 2~4!,4~5!,4~6!,1~10! 31
12 5~5!,6~6!,1~11! 36 5~5!,6~6!,1~11! 36
13 12~6!,1~12! 42 12~6!,1~12! 42
14 1~3!,9~6!,3~7!,1~12! 45 1~3!,9~6!,3~7!,1~12! 45
15 12~6!,2~7!,1~14! 50 2~4!,8~6!,2~7!,2~8!,1~12! 49
16 1~4!,7~5!,7~6!,1~9! 45 2~4!,1~5!,7~6!,2~7!,2~8!, 1~9!,1~12! 53
17 2~4!,3~5!,11~6!,1~11! 50 2~4!,2~5!,6~6!,2~7!,3~8!,1~10!,1~12! 57
18 2~4!,8~5!,8~7! 52 5~5!,6~6!,5~8!,1~11!,1~12! 62
19 12~6!,5~8!,2~12! 68 12~6!,5~8!,2~12! 68
20 2~5!,16~6!,2~11! 64 1~4!,10~6!,2~7!,3~8!,2~9!,2~12! 72
th
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First-principles calculations have been made also by o
authors on a few high-symmetry clusters~Fig. 3!. Using lin-
ear combination of atomic molecular-orbital approach with
the density-functional formalism, Reuseet al.9 get a mag-
netic moment 0.62mB /atom for Ni13. Also, using the spin-
polarized discrete variationalXa method, Fujima and
Yamaguchi obtained the magnetic moments 0.58 and 0
mB /atom for Ni19 and Ni55, respectively.11 All these results
are in good agreement with present ones,mspin50.57, 0.68,
and 0.66mB /atom forn513, 19, and 55.

We conclude at this point that with present TB formalis
and parametrization scheme, the calculated spin moment
in very good agreement withab initio results within an error
bar about 0.1mB /atom, as long as the calculations are ma
for the same geometrical structures. This gives us co
dences to extend our TB studies towards large clusters w
are hard for direct first-principles calculations. It also sho
that a good geometrical optimization is crucial when a
tailed comparison is to be made with experiments, irresp
tive of theoretical approaches used in the studies of clu
magnetism.

We also note that all first-principles as well as our sp
moments are significantly lower than experimentally m
sured values in a rather wide size range. Our spin mom
do show a minimum right atn513, but it is not as sharp a
the experimental one. Even more unexpected is that, con
to experimental finding, our spin moment shows very smo
size variations without oscillations whenn>22, in obvious
disagreements with experiments where two minima exis
n534 and 56~vertical line in Fig. 3!. We demonstrate below
that these discrepancies can be resolved when the total
ments, instead of the spin moments only, are compared
the experimental moment values.

Before going to a discussion about the orbital contribut
given in present formalism, it is worth to compare also o
results of spin moment with two other important TB calc
lations. Since cluster magnetism has been studied by Alo
and co-workers13–15using exactly the same MIAL geometry
17441
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it is thus of special importance for us to compare with th
results, in order to evaluate the influences of different
proximations in the adopted Hamiltonian. Alonso co-worke
have been able to make their spin magnetic moments sig
cantly larger than ours and other LSDA results~Fig. 3!. In
their calculations, an orbital energy shiftV i l was introduced,
which depends not only on atom~subscripti ) but also on
orbit ~subscriptl ). These parameters were adjusted to ma
the number ofs,p, and d electrons on each atom equal
values preassigned according to its coordination num
through a linear interpolation between the isolated atoms
atoms in bulk crystals. While this procedure approximat
accounted for the local surface effect, it completely n
glected the redistribution of electrons betweens andd orbits
which may happen due to the global volume confineme
Besides, the valence energies of differentl ’s were shifted so
differently ~even with different signs!, which is hard to un-
derstand on a Coulomb mechanism. Thus Alonso and
workers’ result of largermspin , though closer to the mea
sured total moment, was more or less an artifact, depen
on the preassignment of the number of electrons. In addit
compared with experiments, their results did not present
right positions~vertical lines in Fig. 3! of moment minima
too.

In another TB calculation, Gueveraet al.12 studied the
ideally cut fcc Ni clusters. They used a Hamiltonian simil
to ours, i.e., addings8 orbits to surface atoms to consider th
electron spillover. In most cases, our results agree well w
those of Gueveraet al. ~Fig. 3!. Again, the spin moments by
Guevaraet al. were obviously lower than experimental one
similar to present results and other LSDA calculations. Sin
Gueveraet al. did not consider a complete series of clus
size, it is not possible to check the moment minima positio
to compare with experiments.

At this point, we come to a conclusion that the measu
magnetic momentscannot be considered as only the sp
moments, even though the calculated spin moments do s
4-7
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WAN, ZHOU, DONG, LEE, AND WANG PHYSICAL REVIEW B69, 174414 ~2004!
enhancements in small clusters. The prominent differen
between measured and calculated moments have to
other explanations.

B. Orbital moment and its size dependence

In principle, both spin and orbital magnetic moment ha
contribution to the total magnetic moment in any syste
though the orbital one has been mostly quenched in b
crystals. However, it is shown that at the low dimension,16–19

the orbital quenching could be released, and orbital polar
tion appears prominently. In order to compare spin and
bital contributions, we plot spin, orbital, and total momen
together in Fig. 4, as the functions of cluster size. For Nn
with 22<n<60, morb varies between 0.3 and 0.6mB /atom.
Compared with the bulk value,morb has been enhanced ov
an order of magnitude. Decreasing further the cluster s
morb increases even more. For example,morb of Ni9 reaches
about 1.0mB /atom. We note that variations in orbital mo
ments versues cluster size are much larger than in spin
ments. As seen from Fig. 4, the oscillations of total magne
moment mainly come from the orbital contribution, whic
generates several minima in this range of cluster size. E
at Ni13, where both spin and orbital magnetic moments c
tribute to the sharp minimum, the orbital contribution is s
the dominant one.

Of course, orbital moments calculated above depend
the choice of the correlation parameterU. Unfortunately,
there is no standard value forU, and it is also uncertain how
much it depends on the cluster size, and how it varies fr
one atom to another even in one single cluster. To ensure
our physical conclusions drawn below are not limited to t
particular choice of parameter, i.e.,U52.6 eV, calculations
are made also withU51.8 and 3.2 eV, in order to cover
wider range of generally accepted values of correlati
Since the Stoner exchange is kept as a constant, calcu
spin moments change only slightly~less than 0.1mB /atom)
whenU changes from 1.8 to 3.2 eV. Results of orbital m
ments are shown in Fig. 5 for comparison. As expect

FIG. 4. Calculated spin, orbital, and total magnetic moments
Ni clusters. Four vertical dashed lines show present theoretical
ment minima positions.
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larger U gives stronger orbital polarization. Approximatel
for n522–60, orbital moments are 0.2–0.3, 0.3–0.6, a
0.4–0.8mB /atom for U51.8,2.6, and 3.2 eV, respectively
Among these three parameter values,U52.6 eV gives the
best fit to experimental results over the entire range of clu
size ~see the following section!.

However, not all featured minima positions coincide ea
other for all three parameter values. Only four exhibit ind
pendence on the choice ofU parameter within the range from
1.8 to 3.2 eV, namely, the moment minima at or nearn
513, 28, 34, and 56~vertical dashed lines in Fig. 5!. We
will discuss the physical origin in following sections. Th
remaining three minima atn519, 23, and 40 exist only for
U52.6 eV, but may disappear upon the change ofU value.
We have no reason to expect them appearing definitely
experiments, and do not consider them in our further disc
sions.

C. General comparison with experiments

The total magnetic moments are plotted in Fig. 6 for
clusters withn59 –60, compared with the experimental r
sults of Apselet al.3 and Knickelbein.4 Our calculations re-
produce many features given by the two experiments,
the magnetic moment enhancement over the bulk va
(0.61mB).

In the region betweenn59 and 28, our results are in goo
agreements with Knickelbein’s experimental results, w
differences typically less than 0.1mB /atom. Our results
show the same trend of size dependence as Apselet al. from
n512 to 20, though our total moments are smaller by ab
0.2–0.4mB /atom. In particular, both calculated and the tw
experimental results show the pronounced sharp minimum
Ni13, and the significant moment increases as the cluster
decreases to belown513.

For Nin with 30<n<38, our results are larger~about
0.1;0.2 mB /atom) than those of Apselet al., but show cor-
rectly the minimum at Ni34. For Nin with 40<n<60, our

f
o-

FIG. 5. Orbital moments calculated for correlation paramet
U51.80, 2.60, and 3.20 eV. Four vertical dashed lines show pre
theoretical moment minima positions, which exist independen
the value ofU parameter in this range.
4-8
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ORBITAL POLARIZATION, SURFACE ENHANCEMENT . . . PHYSICAL REVIEW B 69, 174414 ~2004!
results are in excellent quantitative agreement with Ap
et al. within 60.05mB /atom. The moment variation in thi
region is very smooth, with only one minimum atn556,
also in agreement with Apselet al. A minimum at n528
exists in our calculations, but is not observed experimenta
Because there is a structure transformation from MIC to T
right at n527–28 ~Fig. 2!, the MIC structure used in the
present calculation is obviously not far from other metasta
TIC structures. A further check of the stability of the MI
structure of Ni28 has to be made to clarify this discrepanc

As shown in previous sections, the spin moments giv
by eitherab initio or TB calculations are much smaller tha
the experimentally measured total moment, and do not
hibit the correct oscillatory size dependence. After consid
ing orbital correlation and SOC, our calculations have rep
duced not only the general trend of moment’s s
dependence including all minima located at Ni13, Ni34, and
Ni56, but also the absolute moment values measured in
periments. This agreement shows clearly that orbital con
bution is an indispensable part in nanocluster magneti
because not onlymorb has been greatly enhanced and co
pares fairly with its spin counterpart, but also the mom
oscillations are mainly due to the orbital contribution.

V. SURFACE ENHANCEMENT

In this section, we show that not only the spin mome
but also orbital moment are enhanced for the surface at
of the clusters due to the change of their local environme
While the spin enhancement is, as well known from previo
studies on the magnetism of ultrathin films, due to surfa
valence orbital shift and the increase ofd band holes induced
by this shift, an enhancement for the orbital contribution h
also been induced by this increase ofd holes, and is found
even stronger. This plays an important role in determin
the size dependence of the measured total moment, e
cially in the range of cluster size larger than 20 atoms.

FIG. 6. Comparison of calculated total moment of Ni cluste
with the experimental values by Apselet al. and Knickelbein. Ver-
tical dashed lines show the theoretical moment minima position
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A. Dependence on coordination

Although there are no experimental techniques to pro
the local magnetic moment distribution in a cluster, it is s
very interesting to analyze the contributions from differe
sites inside a cluster. This will help us to understand the s
dependences of spin and orbital magnetic moments, and
vide further insights on the enhancements ofmspin andmorb
in nanoclusters. To check the suggestion of Jensen and
nemann, we plot in Figs. 7~a! and 7~b!, respectively the spin
and orbital magnetic moments of all atoms inside th
clusters—Ni42, Ni55, and Ni57, as the functions of their co
ordination numbersZ. We chose these three clusters beca
our calculations yield the best agreements with experime
in that size region~Fig. 6!. In addition, they cover a wide
range of sampling by containing atoms withZ54 –12, and
exhibiting oblate, spherical, as well as prolate ellipso
~Fig. 2!.

Consider first the atoms withZ512. The symmetry of
Ni55 is very high, possessing 13 atoms withZ512, split
into three nonequivalent types after including SOC. F
these atoms, we findmspin '0.54mB /atom, and morb

.

FIG. 7. Dependence of local spin~a!, and orbital~b! moment on
the coordination number. Dashed lines represent an interpola
between an isolated atom and that in a bulk crystal as given by
~11! in the text. Open circles denote the results of Ni films calc
lated by the standard FLAPW method as given in Table I.
4-9
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'0.06mB /atom @Figs. 7~a! and 7~b!# showing orbital
quenching similar to that in the bulk fcc Ni crystal. Althoug
the symmetries of Ni42 and Ni57 are different from that of
Ni55, atoms withZ512 show similar moment values sinc
the d orbits of Ni atoms are very local. The agreement w
the corresponding bulk valuesmspin'0.55 mB and morb
'0.05 mB ,30 is another evidence to show that our Ham
tonian parameters, namely, theU, I, andj are chosen reason
ably.

We next considerZ58 atoms. There are 30 such atoms
Ni55, again split into three nonequivalent types after inclu
ing SOC. As shown in Figs. 7~a! and 7~b!, their spin and
orbital moment differ not too much from those ofZ512
atoms. It is also true for theZ58 atoms in Ni42 and Ni57.

Finally, there are 12 atoms withZ56 in Ni55, which are
sorted into two nonequivalent types after including SO
These atoms havemspin'0.93mB /atom and morb
'0.7–1.0mB /atom, both obviously enhanced from the bu
values@Figs. 7~a! and 7~b!#.

Lower-symmetry clusters Ni42 and Ni57 contain more
types of atoms. Atoms with even the same coordinat
could be different by relaxation of bond length or bo
angle, etc. Due to this change of environments, sites with
same coordination number may have differentmspin or morb ,
and this difference could be quite large in low symme
clusters@Figs. 7~a! and 7~b!#. Nevertheless, as shown obv
ously in the figures, lower coordination number always
sults in larger local spin and orbital magnetic moments.

For the sites withZ>8 ~i.e. bulk and strongly bonding
surface atoms!, bothmspin andmorb are not enhanced appre
ciably. On the contrary, for the sites withZ<6 ~i.e., weakly
bonding surface atoms!, bothmspin andmorb are greatly en-
hanced. This sharp distinction could be understood from
general argument of Ref. 16, that for a given ratio betwe
the orbital correlation and atomic bonding strength,
ground state changes from an orbital polarized one to
orbital quenched one at a certain dimensionality or coord
tion number.

Although both local spin and orbital magnetic momen
increase with decreasing coordination, the enhancemen
spin moment is smaller than in orbital one. For examp
while spin moment increases from 0.55mB /atom for Z
512 to 0.7–1.2mB /atom for Z56, orbital moment in-
creases from 0.05mB /atom to 0.4–1.2mB /atom, over an
order of magnitude. We note that the magnitude of orb
moment change is 0.35–1.15mB /atom, approximately twice
as large as that for spin, 0.15–0.65mB /atom. This partly
explains the stronger oscillations inmorb .

As a numerical recipe, we found that the local spin a
orbital magnetic moments versus coordination can be
proximated by

mspin(orb)~Z!5H mspin(orb)
bulk , Z>8

1

8
@~82Z!mspin(orb)

atom 1Zmspin(orb)
bulk #, Z,8

~11!

where mspin
atom52.00mB and morb

atom53.00mB are, taken from
the Hund’s rule values for Ni atoms, andmspin

bulk50.55mB and
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bulk50.05mB are taken from the experimental values

bulk Ni crystals. The interpolation results calculated by E
~11! are shown in Figs. 7~a! and 7~b! by dashed lines. It is
worth mentioning thatZ-interpolation equation~11! holds
approximately for all Nin clusters withn larger than 22, al-
though it is derived from Ni42, Ni55, and Ni57 only.

Coordination deficit of surface atoms is known to ha
two opposite effects to the spin magnetism, i.e., the b
narrowing which leads to a spin moment decrease for o
half filled 3d metals, and the upward shift of surface valen
orbits due to the dipoles formed by the surface electro
spillover. It is the latter effect which surpasses the form
one, leading to an overall giant surface moment, first
vealed in early 1980s by LSDA calculation.5 Figure 8 depicts
the calculated surface valence orbital shifts for Ni42, Ni55,
and Ni57 as the functions of the corresponding coordinati
numbers. It is shown that the valence orbital shift is n
sensitive to the cluster size, but depends mainly on the c
dination number. Because a site with lowerZ has mores8
occupation, the shift increases almost linearly with the lo
coordination deficit.

This valence orbital shift obtained in clusters by our T
calculations could be compared with the core level sh
obtained in films by standard LSDA calculations, becau
both of them are due to the electron spillover and have
same physical origin. For atoms on Ni~100! and ~111! sur-
faces, their local coordination numbers are 8 and 9, resp
tively. According to standard FLAPW calculations made f
five-layer slabs,6 the corresponding 3p3/2 core-level shifts are
0.35 and 0.29 eV, respectively~Table I and Fig. 8!. They
agree well with those given by present TB Hamiltonian f
nanoclusters. This agreement shows that our parametriza
scheme of the orbital shift is more reasonable than that u
by Alonso and co-workers,13–15which required very different
shifts for different orbits on even the same site.

B. Coordination model and interpolation

As shown above, local spin and orbital magnetic mome
in larger clusters depend mainly on local coordination nu

FIG. 8. Valence orbital shift as a function of the coordinati
number, compared with the core level shift~circles! of surface at-
oms from standard FLAPW film calculations as given in Table
4-10
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ORBITAL POLARIZATION, SURFACE ENHANCEMENT . . . PHYSICAL REVIEW B 69, 174414 ~2004!
bers, being less sensitive to the cluster size. Therefore
expect that theZ-interpolation model, Eq.~11!, can describe
the spin and orbital moment variations approximately. As
extension of Jensen and Bennemann’s coordination mo7

we assume that both local spin and orbital moments are
termined by their coordination numbers, with values tak
from Eq. ~11!. Neglecting the noncollinearity, the total mo
ment of a cluster is obtained by

m5mspin1morb5
1

n (
i

morb~Zi !1
1

n (
i

mspin~Zi !.

~12!

For clusters of the MIAL structure,mspin and morb ob-
tained from thisZ-interpolation are shown in Fig. 9, togeth
with those calculated from the self-consistent TB model~al-
ready shown in Fig. 4! for comparison.

For Nin with n>22, the magnetic moments obtained fro
this Z-interpolation agree well with those from our se
consistent TB calculations. Their differences are less t
60.05 mB /atom for spin moments, and less than60.1
mB /atom for orbital ones. This shows that the surface
hancement effect given by Hamiltonian~1! could be repro-
duced approximately by considering only the coordinat
dependence.

Since this scheme is so simple and elegant, it is of inte
to see to what extent it could be applied. Although there
experimental measurements on magnetic moments for c
ters withn. 100, no experimental and theoretical studies
geometrical structures are available. We thus only cons
nearly spherical clusters cut ideally from a fcc crystal.
order to ensure these structures to have the least relax
on cluster surfaces which could be meaningfully compa
with experiments, all clusters chosen to plot in Fig. 10 by
Z-interpolation possess atoms with coordination larger t
6. The experimental results of Refs. 2 and 3 are shown

FIG. 9. Comparison between the calculated spin and orbital
ments by theZ-interpolation model and TB calculations. Vertic
dashed lines show theoretically predicted positions of mom
minima.
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Fig. 10 as comparison. TheZ-interpolation results are in
good agreements with those of Apselet al. for clusters with
n,200. Whenn.200, the experimental moments are abo
0.1 mB /atom lower than theZ-interpolation values. This dif-
ference might be due to the temperature effect, becaus
this range of cluster size, Apselet al. made their measure
ment at an elevated temperatureT5303 K. As shown in
their paper~Fig. 3 of Ref. 3!, this elevation of measuring
temperature may indeed cause such an amount of mom
decrease. However, we cannot offer a reasonable explan
to another earlier experiment by Billaset al. which, though
claimed to be performed at temperatureT5120 K, gave
much lower magnetic moments~Fig. 10!.

We conclude at this point that for large Ni clustersn
>22), local geometrical structure plays an important role
determining the magnetic moments and aZ-interpolation
model gives good estimates on the size dependences of
netic moment. However, one should notice that the exp
mental moment minima (n513, 34, and 56, shown by ver
tical lines in Fig. 9!, which are quite prominent in TB
calculations and independent of the choice ofU parameter,
become much less prominent in theZ-interpolation results.
Thus thisZ-interpolation scheme is not precise enough
give the delicate features on the size dependence curve. E
more important point to be noticed here is that, compar
with the TB calculation, for the small clusters (n<20), as
shown in Fig. 9, the moments obtained by considering o
surface enhancement are rather large. For example,n
513, we have mspin50.88mB /atom and morb
50.73mB /atom according to theZ-interpolation, much
larger than the corresponding TB values 0.57mB /atom and
0.15mB /atom. We will discuss the physics behind this hu
deviation in the following section.

VI. QUANTUM CONFINEMENT

Since the moment variations in small clusters cannot
explained by surface enhancements only, we study the d
sities of states~DOS! in such systems to explore other phy

o-

nt

FIG. 10. Total moment of clusters up ton5700, obtained by the
Z-interpolation model~crosses! and experiments~open symbols!.
4-11
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ics. The integrated DOS per atom are shown in Fig. 11
Ni13, Ni14, and Ni28. Enlarged plots are shown in Fig. 12~a!
for an energy window below thed band bottom and in Fig
12~b! for another energy window near the Fermi~highest
occupied! energy. It is noted that different units of DOS a
used in Figs. 11 and 12. It is obvious from Fig. 11 that t
electron occupation is dominated by thed bands, spreading
from 24 to 2 eV with respect to the Fermi energy. Due
the very localized nature ofd orbits, DOS shown in Fig. 11
are very similar for all three clusters. However, below thed
band bottom as shown in Fig. 12~a!, very characteristic fea
tures due to quantum confinement appear. The first
states, one spin up and another spin down, consist of
atomic s orbits of all atoms of clustersn513, 14, or 28.
These two states show a global S symmetry, marked as 1S in
Fig. 12~a!. The next six states@marked 1P in Fig. 12~a!#
consist also of the atomics orbits of all atoms inside a clus
ter, but have globalP symmetry over the whole cluster. En
ergies of these eight states are lower than thed band mini-
mum, and are all occupied forn513, 14, and 28. Their
energies decrease with increasing the cluster size, and
degeneracy of 1P states depends on the shape of clust
1P states are perfectly degenerate for nearly spherical c
ters withn513 and 28, but are splitted for the prolate clus
Ni14.

At a higher energy region, we find other ten states
consist mainly of atomics orbits of all atoms but show a
global D symmetry. These states are marked as 1D in Fig.
12~b!, with five states spin up and others spin down. F
Ni13, these ten states are almost degenerate. The sma
ergy differences are induced by very small exchange inte
tions, because these states contain mainly atomics orbits and
only smalld components through hybridization. For Ni13, all
ten D states are about 1 eV above the Fermi energy.
Ni14, the structure is prolonged along one direction and
symmetry is lowered. As a consequence, the energies of
states, marked as 1D(s) in Fig. 12~b!, are greatly lowered
and become occupied; while the remaining eight sta

FIG. 11. Integrated density of states peratom for three clusters
with n513, 14, and 28, with the Fermi level set as zero.
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marked as 1D(p,d) in Fig. 12~b!, are still left empty above
the Fermi energy.

This volume confinement leads to quantum terraces in
s electron occupation against the cluster size as shown in
13. With large enough size, we find thes-electron occupation
to increase almost linearly, about 0.72s electrons per atom a
shown by the dashed line in Fig. 13. However, one terr
appears fromn59 –13 where the total number ofs electrons
remains eight independent of the cluster size, as shown
the horizontal solid line in Fig. 13. In fact, when the siz
increase fromn59 –13, all eight 1S and 1P states are oc-
cupied, but all 1D states are empty due to the volume co
finement.

The volume confinement ons electrons has great impac
on the d band filling. As the total number of electrons in
creases fromn59 to 13, since thes derived globalS andP
states can hold only eight electrons, the additional electr
have to fill thed derived bands. This is shown by the sha
increase of the averaged-electron occupation fromn59 to
13 in Fig. 14. Thed-electron occupation reaches a maximu

FIG. 12. Integrated density of states percluster in an energy
window @28 eV, 22 eV] for clusters withn513, 14, and 28, and
~b! in another energy window@21 eV, 2 eV# for clusters withn
513,14. Quantumly confined states are denoted in the figures
their global symmetries.
4-12
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ORBITAL POLARIZATION, SURFACE ENHANCEMENT . . . PHYSICAL REVIEW B 69, 174414 ~2004!
at Ni13. Assuming full occupancy of the spin upd bands, the
number of spin-down holes could be simply estimated by
quantum confined number ofs electrons, giving 8/950.889
and 8/1350.615 holes per atom, for Ni9 and Ni13, respec-
tively. This is just the spin moments obtained by all firs
principles LSDA calculations~Reddyet al. and Reuseet al.
in Fig. 3! and approximately by TB calculations too~present
and Guevaraet al. in Fig. 3! except that of Alsonsoet al.
This explains why the spin moment of Ni13 shows such a
sharp minimum, and the total moment of Ni13 drops even
below that of many larger clusters in experiments.

The averaged-electron occupation is about 9.04 for clu
ters with n.30 and is about 9.08 for clusters with 17,n
,28. Compared with Fig. 2, the step at 28 is probably
lated to the structure transition. With increasing the clus
size, the quantum confinement effect becomes small. Ta
the difference between TB andZ-interpolation result~Fig. 9!

FIG. 13. Total number ofs electrons as a function of cluste
size. Dotted line shows the average number ofs electrons per atom
Terrace~horizontal solid line! at total s electron number 8 fromn
59 to 13 shows the quantum effect of volume confinement.

FIG. 14. Number of averaged electrons per atom as a functio
of cluster size. The peak atn513 explains the deep minimum o
both spin and orbital moment at this cluster size.
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as a measure to describe this quantum confinement, we
again that the effect on orbital moment is roughly twice
that on spin moment.

Fujima and Yamaguchi8 also considered this quantum
confinement effect, and assigned speculatively the osc
tions of magnetic moment to the quantum filling of a ser
of s-derived states. Our calculations confirm that the mi
mum at Ni13 is mostly due to this origin, but other oscilla
tions at larger size are mostly from the surface enhancem
of orbital moments. Another point, different from the
speculations, is that even just above Ni13, the filling of
s-derived globalD states does not happen abruptly beca
the globalD states are no longer degenerate when a clu
becomes less symmetric whenn.13. Instead, the ten globa
D states are lowered below the Fermi energy gradually, le
ing to a gradual increase of spin moment whenn increases
from n514 to about 20.

VII. SUMMARY AND CONCLUSIONS

In addition to the hopping, exchange, and SOC ter
which are usually used in previous TB calculations, we sh
that orbital correlation and valence orbital shift due to t
electron spillover from the surface atoms to the vacuum
important in the study of nanocluster magnetism. They h
been included properly in the TB Hamiltonian used in th
paper. With this rather general and unified formalism, we
able to show, in a consistent way, that both spin and orb
magnetic moments of Ni clusters are sensitive to the coo
nation numbers, and are influenced by quantum confinem
in very small clusters.

The calculated magnetic moments of Nin clusters withn
between 9 and 60, are in better agreements with the exp
mental results than previous theoretical treatments.
atomic sites withZ>8 ~i.e., bulk and strongly bonding sur
face atoms!, bothmorb andmspin are only slightly enhanced
compared with bulk values, but the enhancement is grea
those with Z<6 ~i.e., weakly bonding surface atoms!. A
simple coordinationZ interpolation is found to account ap
proximately for the size dependence of magnetic mom
whenn> 22. Thus, the coordination number~i.e., geometri-
cal structure! plays a main role in determining the magne
moments of large Ni clusters, and a proper TB calculation
necessary to give precisely the moment values and exac
sitions of moment minima. Identification of minima is mad
possible by analyzing our TB calculation results. Sharp m
mum at Ni13 is contributed by both orbital and spin mo
ments, and due to both quantum confinement and sur
enhancement effect. Minima at Ni34 and Ni56 are contributed
mostly by orbital moments, and mainly due to surface e
hancement effect.

Quantum confinement effect is the main reason that m
netic moment of Ni13 reaches such a pronounced sharp mi
mum. In small clusters (n<20), this effect has strong influ
ences on thed hole number, andmspin andmorb are greatly
decreased due to the decrease ofd holes. The change inmorb
due to decreasingd holes is about twice as large as inmspin
for Ni atoms, as expected from Hund’s rules for the ca
when d hole is less than 1. As a result, orbital magne
4-13
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WAN, ZHOU, DONG, LEE, AND WANG PHYSICAL REVIEW B69, 174414 ~2004!
moment plays the most important role in the moment os
lations versus cluster size.

Despite of the good agreements achieved, there are
some discrepancies between our results and the experim
ones. For example, a moment minimum atn528 appears in
our theoretical calculations, but it does not appear in exp
ments. This may be attributed to the TIC to MIC structu
transition atn527 and 28. Also, it is shown that for man
other Ni clusters, energy differences between the gro
state and its closest isomer might be very small.31 These
might lead to discrepancies between experiments and pre
theory, which is a subject of further investigations.
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