PHYSICAL REVIEW B 69, 174414 (2004

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, @ludters with
n=9-60. 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 cluster0), quantum
confinement of 4 electrons has drastic effects od 8lectron 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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[. INTRODUCTION come from either experimental errors or the differences in
the structure of the clusters.

Theoretical and experimental studies have demonstrated In a theoretical discussion, Billiast al? proposed a
that magnetism of materials is strongly affected by their di-simple magnetic shell model to account for the size depen-
mensionalities and sizes. This has been clearly illustrated ifences of magnetic moments for Fe, Co, and Ni clusters.
multilayers and gas-phase clusters whose sizes can be rébey assumed their clusters to be structureless and consist of
duced to atomic level. The strong size dependence of mag€Vveral spherical atomic shells. The magnetic moment of an
netic moment opens new possibilities to design material§t0m on each shell depends only on its distance to the cluster
with specific and tailored properties. Recently, transitionSurface. While this simple model yielded a correct decreas-

metal nanoclusters have attracted considerable attention d%ﬂ-:g tr?rr]]d of Tla%netlc mom_ent vergus St'hze’ It faﬂn:scé to repro—lt
to both theoretical and practical interests. Using the Stern: uce the osciliations superimposed on the overall decrease.

Gerlach deflection technique, Billast al>2 measured the is well known that giant moments exist on surface atoms, as

magnetic moments of Ni, Fe, and Co clusters ranging fromrevealed in-early 1980s by either local spin density-

about 25 to 700 atoms. It was shown that small clusters ] | —a—Apseletal

usually possessed large magnetic moments, e.g., abot : —a— Knickelbein
1pgl/atom for Nhg 30. Using the same technique, Apsel _ 67 A% : e :gggggg:

et al® performed more accurate measurements for nickel§ 1.4 A\ s Fujmaetal

clusters containing 5 to 740 atoms. In addition to an overall & \\ Al

decrease with increasing cluster size, they found the magg » ‘»:'SA;\.\ VAT

netic moment to exhibit characteristic oscillations. A pro- § 104 2 \ LY e "'"""--..A.,_.,...
nounced sharp minimum was foundret 13, and other less = ,5] (¢ \

pronounced minima at=6, 34, and 58see dashed lines in § 1 k o :
Fig. 1). Different from Billias et al, Apsel et al. found that :E: 06 i c/D\Dp

the approach to bulk magnetism was much slower. For ex-§ 0.4+ \ /

ample, the magnetic moment was larger than Qug@atom Z 2] d

even up ton=500. Very recently, Knickelbefhagain mea- :

sured the magnetic moments of small Ni clusters containing °° T T T T T T T T T L

7-25 atoms. While his results confirmed the pronounced
sharp moment minimum at Nj (Fig. 1), the measured mo-
ment values were about 0.2z /atom smaller than those of FIG. 1. Magnetic moments as a functions of cluster size of two
Apsel et al. for most clusters. In general, all these experi-experimentgsolid symbol, compared with first-principles theoret-
ments showed similar size dependences of magnetic maeal values(open symbols Four dashed lines show the experimen-
ment, despite of some quantitative differences which mayal moment minima positions.

Cluster Size(atoms)
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TABLE I. Surface enhancement of spin moment and core-levekmaller by about 0.3—0w6;/atom. And they failed to repro-
(2ps) shift of Ni fims as calculated from standard FLAPW §,ce the moment variations—even the most pronounced

method. sharp minimum at Ni. Using spin-polarized discrete varia-

. tional method, Fujima and Yamaguchi also studied the mag-
System z #(re) Shift (V) netic properties (J)f Ni clusters. '?he calculated magnetic ’
Bulk 12 0.561 moment was 0.58g/atom for Nig, agreeing well with
(11 film center 12 0.613 Reddyet al. and 0.73cg/atom for Nis. In general, all cal-
(100 film center 12 0.619 culations based upon first principles showed poor agreements
(119 film surface 9 0.625 0.291 by underestimating substantially the spin moméfg. 1).
(100 film surface 8 0.675 0.354 Considering the successes of LSDA in bulk and surface mag-
(111 monolayer 6 0.892 netism, where the calculated moments of Betals and al-
(100) monolayer 4 1.014 loys are usually in agreement with experiments within about

0.05ug/atom, the failure in clusters is more or less out of

. . ] initial expectation.
functional(LSDA) calculations and later substantiated by ex-  The TB method has been used to deal with even larger

periments(see, for example, a review by Freeman and)\Vu ¢jysters. The results are, in general, similar to the first-

gaﬁ(le Idli?.tls some t){p_icalf LSDA recjsulésfftl)lr Ni sy;tlta;fps IN principles ones. Using a model Hamiltonian which took into
ulk-and film geometries from standard full potential linear-, .t the electron spillover at cluster’s surfaces, Weiss-

Zestze?rﬁjgr?ﬁgtsedinplr?]gn\;‘/;:(fLgpa\{\é)mczlfol‘"zt}orgsq ;gi gr'] mann and co-worket$studied the size dependences of mag-
is):)Iated ,aton(HFl)Jnd’s rule topl 014ug for an isolgltseoﬂOO) netic moments for fcc and bcc clusters up to 177 atoms.
: ' B However, similar to the first-principles results, their calcu-

monolayer(the coordination numbez=4), and 0.67pg lated moments were again mostly smaller than the experi-

for a surface atom of100) five-layer slab Z=8), and fi-
nally to 0.56ug for a bulk crystal. Taking suclz depen- mental Ones. AIOHS% ?Qd (':o-workers. also made'a thorough
dence into account, Jensen and Bennenrhproposed a co- study for Ni clusterd®~'®Using a special parametrization of

ordination model for cluster magnetism, in which the € orbital energies, they could get moment values much
magnetic moment of an atom was assumed to depend soleljjgher than the LSDA results, and brought, especially in the
on its number of nearest neighbdsas in the film case. In Small size range, the moment values closer to the experimen-
the following sections, this idea will be tested thoroughly.tal one. However, their results are far from satisfactory, and
We found that, despite of the complicated local environmentghe agreement seems somewhat an artifact in their parametri-
for atoms on a cluster surface, this model still approximatelyzation schemégsee a discussion in Sec. IA
holds for both spin and orbital moments in cluster magne- We note that all those previous calculations mentioned
tism. above did not consider the orbital magnetic moment.
On the other hand, Fujima and Yamagdatonsidered the Through a general argument, it was shown that orbital cor-
effects of volume confinement for delocalized atomilec-  relation has stronger effects in low-dimensional transition
trons in clusters. Strong bonding, less strong bonding, ometal systems than in bulk crystals by leading to orbital po-
anti-bonding states, depending on the global symme@ey larized ground state’$. This was demonstrated also by first-
noted as capitag, P, D, ...) of thelinear combination co- principles calculations for isolated or substrate supported
efficients in the tight-bindingTB) terminology, were formed linear-chain system¥,and adatoms on metallic substrats.
by the delocalized atomis orbits. This volume confinement Presumably, orbital interactions should be much more sensi-
raises the energy separations between shells with g3l tive to the details of the local structures. Therefore, we ex-
D ... symmetry. Upon changing the cluster size, whenevepect that the environment dependence of orbital moment, if
one of these global shells goes through the Fermi levelnot fully quenched, should be even more remarkable than
which locates near the top of denskbands, the total num- that of spin moment. Very recently, using a TB scheme
ber of s electrons changes abruptly, which in turn, changesvhich includes orbital correlation and spin-orbit interactions,
the number of holes in the bands. This effect offers a pos- Guirado-Lpezet al® studied the magnetic moments for Ni
sible explanation for the oscillatory size dependence of magelusters. Their results confirmed the importance of orbital
netic moment, but Fujima and Yamaguchi provided only amoments in Ni clusters. Since they neglected the low-
qualitative suggestion. In order to convincingly identify the symmetry clusters and considered only a few fcc or icosahe-
oscillations observed in experiments to this quantum condral geometries, their paper did not show a rather complete
finement effect, a more rigorous treatment of #id cou-  size dependence of the moment to compare with experi-
pling and cluster structures should be made. ments. It is thus desirable to investigate the magnetic mo-
Ideally, one expects that ab initio calculation(for ex-  ments for an as complete as possible series of Ni clusters,
ample, in the LSDA framewopkcould automatically take the with orbital correlation included, to check whether the dis-
above-mentioned surface and quantum confinement effeegreement between experiments and theoretical works is due
into account, since it can precisely determine the charge db the neglect of orbital contribution.
electronic density due to the spillover on the surface, and the The present paper is organized in the following way. The
redistributions of thes-d electrons. But calculated results geometrical structures used will be discussed in Sec. Il, and a
reported by Reuset al® (open triangles in Fig. )land  detailed description of our model Hamiltonian will be given
Reddy et al1° (open circles in Fig. )l were substantially in Sec. Ill. Calculation results are discussed in Sec. 1V, in
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which the importance of orbital contribution is highlighted.
We analyze the surface enhancement effect in Sec. V, and thg

10

. . M
quantum confinement effect in Sec. VI. Finally, Sec. VIl will 3 /\/m /\ .J/ E e}
summarize the results of present study. & /, 4 o\ j/ 4 /
[ ]
§ / o/ &’\ cib /OO/O E
Il. CLUSTER GEOMETRY § O/\//OO/ c \O o/o\ooo%doobp
Itinerant electron magnetism is sensitive to the atomic§ o0 ; —o— 1] |
structure of the system. The main factors to influence theg : j;jl’é/’g i
magnetic properties of small Ni clusters diglow atomic é ; —~v—Mc|
coordination and the relaxation of interatomic distances forg 5 Ty
surface atomsf{ii) quantum confinement of delocalized & [ .t i P
electrons which controls indirectly the number of holesinthe [ HAMAAAA '
d bands. The first factor is basically a local geometrical ef- P A A -

fect, and the latter one is global. Both factors may play im- Cluster Size (atoms)
portant roles in determining the electronic structure. A good
geometrical structure is therefore a crucial start in any at- FIG. 2. Ratio of rotational inertial; /I3 and I,/l;, and the
tempt to interpret the nanocluster magnetism. Experimentadvolution of the MIAL structures. Four dashed lines show the ex-
determination of a cluster geometry is difficult, since mostperimental moment minima positions.
clusters are too large for spectroscopic probes but too small
for diffraction probes. Therefore, people usually employwith the concern that possible structure uncertainty may mis-
theory to determine the cluster structures and subsequentligad our understanding of nanocluster magnetism.
compare some calculated properties with experiments. Un- Symmetry, shape, and the size evolution are important for
fortunately, the structures of most clustésay, over a few understanding the global behaviors of the delocalized elec-
tens of atomshave not been accurately determineddly tron states. For a simple and straight characterization of these
initio calculations because of the enormous computationgproperties, three principal axes and their corresponding rota-
works involved. Instead, geometrical structures of nanodtional inertia(marked ad;<I,=<I;) are calculated for the
clusters are available mostly from calculations using semiMIAL clusters. Their ratios] /I3 andl,/l3, are plotted in
empirical interatomic potential. Fig. 2. Atn=13, 26, 28, and 53, /1;=1,/1,=1, indicating
Geometries of Nj with n<20 were obtained by thatthese structures are spherelike. In factzBind Nis are
molecular-dynamics simulations with a semiempirical many-completed icosahedral structures centering on one atom. On
body potentiaf®?*and it is found that for small Ni clusters the other hand, the center of fyis on an empty tetrahedral
the structure is icosahedrdl.This structure has also been site. During the course of increasing size from one sphere-
verified subsequently by Montejano-CarrizaleSjgliez, like cluster to another one, i.e., from=13 to 26 and 28, or
Alonso, and Lpez (MIAL ), Ref. 22 using an embedded- from n=28 to 55, Ni clusters first become prolate ellipsoid
atom method. Fon larger than 13, two types of icosahedral (with 1;>1,~1,), and then change to oblate ellipsoit} (
growth were proposed, usually called as Mackey icosahedra1,>1,). This evolution of cluster shape leads to a drastic
(MIC) and polyicosahedréTIC).***?According to the MIAL  change of the degeneracy of the quantum confined delocal-
paper, the TIC growth is favored for #h<27 and 5%&n ized s states. As the results, the behaviors of filling these
<67, but the MIC growth is favored for 28n<56. This states deviate greatly from simple expectations based on a
evolution of structural symmetry is shown in Fig. 2. This setspherical jellium mode(see discussions below in Sec.)VI
of structures, called as the MIAL structure below for conve- Two of the moment minimé.e.,n=6 and 13 on the size
nience, was the one that has been confronted in great detadfependence of magnetic momenertical lines in Fig. 2
with reactivity experiment$>2? correspond exactly to the high-symmetry spherical shapes,
For the purpose of easy comparison, we also use thighile the other one ah=56 is pretty close to the high-
MIAL structure after the following brief analysfS.A simple ~ symmetry structure ah=55. This hints to some relations
check is made by counting the change of the total nearesbetween the moment minima and the cluster symmetries.
neighbor bonds with increasing cluster size. In general, thélowever, the relation is not exact, and there is an excep-
bond number should increase by at least 3 through addingional minimum atn=34. Detailed theoretical calculations
one atom which is put simply on top of an atomic triangle are necessary to clarify the true relation between the moment
without further relaxations to bring in even more bonds. Thisminima and the cluster symmetry
is true for most MIAL clusters, except Ni, Niyg, Niss,
Nis7, Nigg, and Nisg where the increase of bond number is
equal to or less than 2 compared with,Ni Nisg, Nis,,
Nisg, Nizg, and Nig, respectively. So, we suspect that these For transition metals, the TB Hamiltonian has been
six MIAL structures are probably artifacts of the specific widely used because the interaction matrix elements can be
potential, or due to insufficient structural optimizations. Weeasily parametrized to reproduce thie initio results in very
neglect these six members ENi Nisg, Nisz, Nigz, Niag, good accuracy. Since thep-d hybridization plays a major
and Nig) from the MIAL list in our following discussions, role in determining the magnetic properties of transition met-

IIl. MODEL HAMILTONIAN AND METHODOLOGY
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als, usually 8, 4s, and 4 valence orbits are included, and method® to account for it. In a generalized Hartree-Fock
the interaction matrix elements are parametrized by fittingapproximation including all possible pairings, the Hamil-
the results to the equilibrium bulk bands. These parameter®nian reads
are then transferred to other nonperiodic systems, such as
disordered solids, after proper scaling to account for the Ho— E Vv ot e 3)
change of interatomic distance. However, for the cluster e L, ot iLo~illa’
problems, one should be careful to include the surface ef- o
fects, a crucial ingredient in the cluster systems, in the TBvhere
Hamiltonian.

Following Hamiltonian is used in present paper to de- ;i _ i
scribe the Ni clusters: Vi ES [TV e

+ (Ui .-V Hn| 18,07
. 0.t LL! ot LL,L Ly LLoLgL Loo,Laod Yoo
H= g filciLaCiLﬁ”; > i~ CiLoCjL'o | T Hsoct Hee s
g LL o i i
_ULLZLSL'nL2;L3U5Eo']_U(n —0.96LL1 044

o _t / -
+Z (€5 CirsroCirsia T 5% (Zir) +J(N'—0.5) 8,/ 8,, . (4)
i'o

) ) g Here n'L(,’L,(,,=<CiTL(,CiL,(,,> is the single-site density ma-

X(€lrgrCirsot Clhe,Cirsra) 1+ 2 Agii(n) trix determined self-consistentlyn'“=Tr[n, _,,] is the
.,L . — r i .

: : LY electron number of spir, o means— o, andn'=X_,n'’ is

X (€ »CirLot CirgryCirsa)- (1)  the total electron number on atomBeing an extension of

. . o Eq. (5) of Ref. 28, present expression is rotationally invariant
Here (fL(, (GiLo) is the operator of the creatidannihilation  \yith respect to both space and spin.

of an electron with spiro and orbital quantum number Matrix eIementsULLzL/Lg satisfy rotation summation re-

=(I,m) at sitei. Subscripts’ ands’ represent, respectively, lation as given by Eq(6) of Ref. 28, and can all be deter-
the surface atoms and an empty orbit attached to each surfage | by two parameters nam.ely the average on-site Cou-

atom, as explained below. .
The first term in Eq(1) represents the usual bulk bands lomb repulsionU and the exchangé

through the bare orbital energie% and the interatomic hop-

ping integralsti"" between orbiL at atomi and orbitL" at

its nearest-neighboring atomValues of these model param-
eters are taken from standard refereffoehich are obtained

by fitting to LSDA bands of ferromagnetic fcc bulk Ni, in the
Slater-Koster approximation, and taking only the two-center
hopping integrals. Since the spin exchange will be consid-
ered in a separate interaction teHn., the parameters here In this formalism, the Stoner parameter, which determines
(see Table Il are the average values for two spin channelsghe exchange spliting of the bulk bandsjs |=(21J

listed in the reference bodk As the interatomic distances in +U)/(2l+1). To be compatible with the exchange splitting
clusters are certainly not uniform and differ more or lessin the LSDA bulk bandsl,=1.12 eV(Table l) is fixed in our
from the bulk values, variation of the hopping integrals with calculations. However, the correlation parameteis often

the interatomic distanceg; is assumed to follow a power law set adjustable, because its exact value may vary from system
(ro/r”)|+|’+1, wherer g is the bulk equilibrium distance and to system even for atoms of the same element, say, about 5

| andl” are the orbital quantum numbers of the two orbits€V in oxides, but less than 3 eV in metallic systéhit is

1
U=—— > Unmmnr » (5)
(2141)2 E‘n mmmm

1
U_J:m Z (Unmmm =Ummrmm)- (6)

mm’

involved in the hopping® also possible that, in the case of clustétsjalues could also
The second terngoc is the spin-orbit couplingSOQ  be different for clusters with different sizes, or even be dif-
given by ferent for the center and boundary atoms in one single clus-

ter. For simplicity, such variations are neglected in present
S et study. We takeU=2.6 eV in most calculations, and other
Hsoc=¢ X (LolS-LilL'o")cl jCirpr, (2 values(1.8 and 3.2 eV, as in Table)lto check the influences

iLoL’e’ of U parameter variation.
where the SOC strength is set &s 0.073 eV(Table 1) for Although terms 1-3 in Hamiltoniafl) mainly depict the
d orbitals according to Ref. 26 physical behaviors exhibited in bulk systems, they could also

The third term Hg. is the intraatomicd-d electron-  describe, at least partly, the physical effects due to the coor-
electron interaction, including both Coulomb and exchangalination deficit of surface atoms. One example is the band
interaction, and responsible for orbital and spin polarizationnarrowing, which transfers th&electrons to more than half
Since orbital polarization plays an important role in low- filled d bands, leading to a surface moment reduction. This is
dimensional transition metal systems, following our previouswell known from the earliest TB studies back to 1970s be-
work?’" we adopt the general concept of the LBA fore the LSDA formalism. Later, however, LSDA revealed
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TABLE II. Parameters of Hamiltoniafil). Orbital energy, hopping integrals, SOC strength, and Stoner
exchange are taken from standard references. Correlation parameter has been varied for comparison, and
parameters for surface empty orbit and the surface valence shift have been chosen to give the most reasonable
fit as stated in the text. All values are in units eV of except the dimensio#lgss

Orbital energy €2 € €
15.50 24.64 9.74
Hopping integralo Vsgr Vopo Vide Vspo Vsdo Vido
-1.781 3.512 —0.667 2.256 —0.902 —1.237
Hopping integral @) Vopar Vidar Vodn
0.345 0.407 0.266
Hopping integrald Vads
—0.037
SOC strength 0.073
Stoner exchangke 1.12
CorrelationU 2.6, and with options 1.8, and 3.2
Surface empty orbit €, VA Zinax
15.50 —2.460 15.8
Surface valence shift 2.3

that giant moments exist ond3transition metal surfaces, nearest-neighbor spheres, ahg.,— Z is thus the number of
which was subsequently confirmed by experiménfhe  empty volume around an atom with coordination number
physical origin for this giant moment on surface is the energyrhoughZ,,,,= 12 seems to be a natural choice for Ni which
shift of the electronic orbits of surface atom, which lowersexhibits equilibrium fcc bulk structure, we prefer to take
the electron occupancy and increase the numbet lobles  bothV,y, andZ,,., as adjustable parameters, while keeping
on the surface atoms. This shift is due to the spillover ofeg, constant andgg,:,sg for simplicity. The parameter val-

surface electrons and the dipole layer thus formed on th@es, which give the most reasonable moment variation with
surfaces, which has been treated properly by standard alsspect to the coordination number of atoms, are listed also
electron LSDA calculations for Ni systems in the film geom- i Table II.

etry (see Table | for the core-level shifHowever, to include After considering the spillover of electrons, Weissmann

properly this energy shift in a TB study of the nanoclusterang co-workers? introduced an intersite Coulomb term to
magnetism, where the surface is much more complex than igescribe the valence level shift,

the film geometry, is obviously a key problem, but a toughest
challenge. U

To account for the electron spillover existing on cluster Aei=2 m“‘j- ®
surfaces, following Weissmann’s gradpwe introduce an . b
extra orbits’ to each surface atomi (atom with coordina- Equation(8) returns to the intra-atomic Coulomb repulsion
tion numberZ<12 for Ni cluster$, and add the fourth term asR;=R;, and represents a bare Coulomb interaction with-
to our Hamiltonian(1). We assume this orb&’ to locate in  out any screening when atopis far from atomi. However,
the vacuum outside the surface, hassasymmetry, an en- considering that the spillover of electrons on the surface may
ergy eJ,, and interact witfs orbit of the same surface atom happen in a length scale longer than an atomic radius, we
o Hopping ntegrat® . Elecon occupation o s oot NPk ne ineracon ofthe spled elecon might e iferert
represents the spillover of electrons from surface atoms t ’

the vacuum. In the ideal film geometry as treated by Weissﬂqe screening could be very strong for metallic materials. As

mann’s group, all surface atoms are identical, and the orbita‘cfho.wn in the film cglculatlons, both the charge and potential
N . variations are localized on the very top layer. We thus as-
energy and hopping integrals ef orbit are constants. To

account for the differences of environments encountered biume, in another extreme of strong screening, that the orbital
atoms on cluster surfaces, variations should be introduced. hifts are localized only on the surface atoms of a cluster. We

The smaller the local coordination, the larger the openadopt a term

space of this surface atom. This change of open space vol-
ume could be accounted for approximately by putting the
hopping integral proportional to the square root of the num+q; this surface valence orbital shift, i.e., electron spillover
ber of coordinate deficit, only changes the potential right on the surface atom. This

o o S shift of orbital energy affects all valence d34s, and 4)

22 =Vsg oV Zmax—Z. @) orbits and the empty orbits’ itself [see Hamiltonian(1)].
HereV.y , is the hopping strength betwesrands’ orbits,  Proportional parametgr=2.3 eV(Table Il) is found to give
Zmnax IS approximately the maximum allowable number of the best fit of the surface valence orbital shift, calculated in

Aei,(nisr,)=)(nis’,, i"e surface, 9
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present paper for clusters, to the core level shift obtained in

—=— Present

the film geometry by LSDA calculationGee Sec. V A be- 187 —a— Alonso et al
low). T4l o —e— Guevara et al

Structures of very small clustera€2-8) are very open, £ | ™ A :g: Ezﬂgg 2; ::
with average coordination number less than 5. Parametriza?9 1.2 \ s Fujimaetal
tion used above for the description of surface effects may2 . ] A, SN
lead to larger deviations. Results presented below are onh& 1'0'_ . / Yoty it .»"/\‘/\/

. -E [ ] N\, \/A \® ®.

for clusters withn=9. = 08 v ST

Let us now describe the process of going to full self- & 1 N . I
consistency in present calculations. First, by switching off € %7 f”'f O/A\Oo
the exchange, correlation and the spin-orbit coupling, i.e..§ 4, ] "\ /
settingl =U=¢=0, we get a density matrix containing the E ; OO/O
effect of electron transfer between atoms but without sping 021
and orbital polarization. Theh U, and¢ are turned on, and ]
iterations continue by adding a finite uniform diagonal spin 3 = 2 = 3 = 4 5 6
polarization, i.e.A; for spino up, — A, for spino down, to Cluster Size(atoms)

the nonpolarized density-matrix elements of dllorbits.

Self-consistency is achieved by solving Hamiltonian equa- FIG. 3. Spin moments of clusters with different sizes in present
tion (1) iteratively. From the self-consistent density matrix, calculations(squarg, showing good agreements with three first-
spin magnetic momens,;, and orbital magnetic moment principles calculationgopen symbolsfor most clusters, except for

Worp are obtained from a vector average over the atomid®=14, 15, 16, 17, 18, and 20, when different structures are used as
moments: explained in the text. Two other TB calculation resukslid sym-
bols) are also plotted for comparison. Three vertical dashed lines
1 1 show the experimental moment minima positions.
- _ Z —>i _ Z 2 I -
Morb_ﬁ — Morp™ ﬁ 4 nL(r,L'(r'(L)LL' Oga' s
' ' Lol'e crucial to reach agreements with experiments in nano-
clusters.

-
i Mspin—

- 1 . 1 i .
Kspin=r S22 N (2), b

' Lol’of (10) A. Size dependence of spin moment

Spin moments calculated by Hamiltoni@h) are found

The total momenﬁ is then calculated as their vector sum. almost the same as those obtained by switching off orbital

Although our iterations start from a uniform distribution correlation and SOC, i.e., setting=0, andé=0, but keep-
of small spin polarization and vanishing orbital polarization,ing Stoner parametdr=1.12 eV unchanged. One can com-
the physical spin and orbital moments obtained by selfpare our spin moments with previous theoretical results of
consistently solving Hamiltoniaif1) could be nonuniform both LSDA and TB calculations, all of which did not con-
and noncollinear. However, it is found that the noncollinear-sider orbital correlation and SOC and give only spin mo-
ity is very weak. ment. Comparison with first-principles results serves as a

Although SOC could generate anisotropy, we did notcritical justification of our TB parametrization scheme.
search for the energy minimum over all possible directions, Figure 3 compares our results with those given by Reddy
but only compared calculations with spin along three princi-et al,'° who, using first-principles molecular-orbital theory,
pal axes of the clusters. We found that the energy differencestudied the magnetic properties of Ni clusters in most detail.
are typically less than 0.005 eV/atom. The effect of SOC orfFor Ni, with n=9-14, andh= 19, ourus,;,s are in perfect
moment values is almost negligible, and the moment differagreement with their results. Either Redelyal.s or present
ences for three directions are less than p92atom. Results  spin moments drop rapidly for small clusters frars9 to
reported below are calculated by setting the spin along thé&3, in accordance with experimer(fsig. 1), but both calcu-

largest inertia axis. lated values are obviously lower than experimental results.
However, disagreements exist for=15-18, andn=20,
IV. IMPORTANCE OF ORBITAL POLARIZATION where our ugpyin's are larger than Reddgt al. by about

0.2-0.4ug/atom. In order to understand the origin of this

In this section, we first separately discuss the spin andliscrepancy, we checked the structures used in both calcula-
orbital contributions to the total moments in connection withtions, and show the coordination in Table IlI. It is found that
previous theoretical treatments, and then compare our resultsr n=9 through 14, andi=19, the MIAL structure used in
with experimental data. We show that orbital moments argresent calculation is exactly the same as that used by Reddy
enhanced by over an order of magnitude for surface atoms iet al,, but forn=15, 16, 17, 18, and 20, there is a big dif-
nanoclusters, and dominate the oscillations of measureftrence. We conclude that all differences between present
magnetic moment versus cluster size. In contrast to bulkesults and Reddgt al. are not from the theoretical methods,
crystals where theoretically calculated spin moments agrethough one is a LSDA and the other is a TB calculation, but
well with the measured total moments, orbital polarization isfrom the structures used in two calculations.
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TABLE lll. Comparison between the structures used by Regtdgl. and the MIAL structures for clusters
Ni, with n=9-20. Listed are the number of atoms with coordination nunzbér parentheses, and the
number of total bonds.

n Reddyet al. MIAL
Atoms (2) 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 24),4(5),4(6),1(10) 31 24),4(5),4(6),1(10) 31
12 55),6(6),1(11) 36 55),6(6),1(11) 36
13 126),1(12) 42 126),1(12) 42
14 1(3),9(6),3(7),1(12) 45 1(3),9(6),3(7),1(12) 45
15 126),2(7),1(14) 50 24),8(6),2(7),2(8),1(12) 49
16 1(4),7(5),7(6),1(9) 45 24),1(5),7(6),2(7),2(8), 1(9),1(12 53
17 24),3(5),11(6),1(11) 50 24),2(5),6(6),2(7),3(8),1(10),1(12) 57
18 24),8(5),8(7) 52 55),6(6),5(8),1(11),1(12) 62
19 126),5(8),2(12) 68 126),5(8),2(12) 68
20 25),16(6),2(11) 64 1(4),10(6),2(7),3(8),2(9),2(12) 72

First-principles calculations have been made also by otheit is thus of special importance for us to compare with their
authors on a few high-symmetry clustéFsg. 3). Using lin-  results, in order to evaluate the influences of different ap-
ear combination of atomic molecular-orbital approach withinproximations in the adopted Hamiltonian. Alonso co-workers
the density-functional formalism, Reus# al® get a mag- have been able to make their spin magnetic moments signifi-
netic moment 0.62«g/atom for Ni3. Also, using the spin-  cantly larger than ours and other LSDA resuli&g. 3). In
polarized discrete variationaXe method, Fujima and their calculations, an orbital energy shilt, was introduced,
Yamaguchi obtained the magnetic moments 0.58 and 0.7&hich depends not only on atofsubscripti) but also on
wg/atom for Nig and Ns, respectively:" All these results  orpjt (subscriptl). These parameters were adjusted to make
are in good agreement with present oneg,in=0.57, 0.68,  the number ofs,p, andd electrons on each atom equal to
and 0.66ug/atom forn=13, 19, and 55. _values preassigned according to its coordination number

We conclude at this point that with present TB formalism .41 3 inear interpolation between the isolated atoms and

and parametrization SChe”.“"-" t.h(’.:' .calculated Spin MOMENts &g, s in bulk crystals. While this procedure approximately
in very good agreement witab initio results within an error accounted for the local surface effect, it completely ne-

bar about 0.1ug/atom, as long as the calculations are made o .
for the same geometrical structures. This gives us configlﬁicgﬁdnfze Le;'St::u;'l?: toof ?A‘ZCUE) gzrsgflﬁnignc;{:'t; nt
dences to extend our TB studies towards large clusters whicﬁ( ” {l plp . ?d'ff " hif de ent.
are hard for direct first-principles calculations. It also shows>cS!des, the valence energies of differestwere shiited so

that a good geometrical optimization is crucial when a dedifferently (even with different signs which is hard to un-

tailed comparison is to be made with experiments, irrespecdérstand on a Coulomb mechanism. Thus Alonso and co-
tive of theoretical approaches used in the studies of clusteVOrkers’ result of largeruspin, though closer to the mea-
magnetism. sured total moment, was more or less an artifact, depending
We also note that all first-principles as well as our spinon the preassignment of the number of electrons. In addition,
moments are significantly lower than experimentally mea<compared with experiments, their results did not present the
sured values in a rather wide size range. Our spin momentight positions(vertical lines in Fig. 3 of moment minima
do show a minimum right at=13, but it is not as sharp as too.
the experimental one. Even more unexpected is that, contrary In another TB calculation, Gueveret al’? studied the
to experimental finding, our spin moment shows very smoothdeally cut fcc Ni clusters. They used a Hamiltonian similar
size variations without oscillations wher=22, in obvious to ours, i.e., adding’ orbits to surface atoms to consider the
disagreements with experiments where two minima exist aglectron spillover. In most cases, our results agree well with
n=34 and 5@ vertical line in Fig. 3. We demonstrate below those of Gueverat al. (Fig. 3). Again, the spin moments by
that these discrepancies can be resolved when the total mGuevaraet al. were obviously lower than experimental ones,
ments, instead of the spin moments only, are compared witkimilar to present results and other LSDA calculations. Since
the experimental moment values. Gueveraet al. did not consider a complete series of cluster
Before going to a discussion about the orbital contributionsize, it is not possible to check the moment minima positions
given in present formalism, it is worth to compare also ourto compare with experiments.
results of spin moment with two other important TB calcu- At this point, we come to a conclusion that the measured
lations. Since cluster magnetism has been studied by Alonsmagnetic momentgannotbe considered as only the spin
and co-workerS®using exactly the same MIAL geometry, moments, even though the calculated spin moments do show
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FIG. 5. Orbital moments calculated for correlation parameters

FIG. 4. Calculated spin, orbital, and total magnetic moments ofU=1.80, 2.60, and 3.20 eV. Four vertical dashed lines show present
Ni clusters. Four vertical dashed lines show present theoretical maheoretical moment minima positions, which exist independent of
ment minima positions. the value ofU parameter in this range.

enhancements in small clusters. The prominent differenc_e@rgeru gives stronger orbital polarization. Approximately,
between measured and calculated moments have to find.",—25_g0 orbital moments are 0.2—0.3. 0.3—0.6. and

other explanations. 0.4-0.8 g /atom forU=1.8,2.6, and 3.2 eV, respectively.
) o Among these three parameter valubls=2.6 eV gives the
B. Orbital moment and its size dependence best fit to experimental results over the entire range of cluster

In principle, both spin and orbital magnetic moment havesize (see the following section
contribution to the total magnetic moment in any system, However, not all featured minima positions coincide each
though the orbital one has been mostly quenched in bullRther for all three parameter values. Only four exhibit inde-
crystals. However, it is shown that at the low dimensidri®  pendence on the choice bfparameter within the range from
the orbital quenching could be released, and orbital polarizal-8 to 3.2 eV, namely, the moment minima at or near
tion appears prominently. In order to compare spin and or= 13, 28, 34, and 56vertical dashed lines in Fig.)5We
bital contributions, we plot spin, orbital, and total momentswill discuss the physical origin in following sections. The
together in Fig. 4, as the functions of cluster size. Foy Ni remaining three minima at=19, 23, and 40 exist only for
with 22<n<60, u,,p, varies between 0.3 and 06;/atom.  U=2.6 eV, but may disappear upon the changé&Jofalue.
Compared with the bulk valugy,,, has been enhanced over We have no reason to expect them appearing definitely in
an order of magnitude. Decreasing further the cluster sizegxperiments, and do not consider them in our further discus-
Morp INCreases even more. For examplg,, of Nig reaches  SIONS.
about 1.0ug/atom. We note that variations in orbital mo-
ments versues cluster size are much larger than in spin mo-
ments. As seen from Fig. 4, the oscillations of total magnetic
moment mainly come from the orbital contribution, which ~ The total magnetic moments are plotted in Fig. 6 for Ni
generates several minima in this range of cluster size. Eve@lusters withn=9-60, compared with the experimental re-
at Nizs, where both spin and orbital magnetic moments consults of Apselet al® and Knickelbeirf: Our calculations re-
tribute to the sharp minimum, the orbital contribution is still produce many features given by the two experiments, and

C. General comparison with experiments

the dominant one. the magnetic moment enhancement over the bulk values
Of course, orbital moments calculated above depend of0.61ug).
the choice of the correlation parametegr Unfortunately, In the region between=9 and 28, our results are in good

there is no standard value for, and it is also uncertain how agreements with Knickelbein’s experimental results, with
much it depends on the cluster size, and how it varies frondlifferences typically less than O/dg/atom. Our results
one atom to another even in one single cluster. To ensure thahow the same trend of size dependence as Agisal from

our physical conclusions drawn below are not limited to thisn=12 to 20, though our total moments are smaller by about
particular choice of parameter, i.&J=2.6 eV, calculations 0.2-0.4ug/atom. In particular, both calculated and the two
are made also wittu=1.8 and 3.2 eV, in order to cover a experimental results show the pronounced sharp minimum at
wider range of generally accepted values of correlationNi;3, and the significant moment increases as the cluster size
Since the Stoner exchange is kept as a constant, calculatéecreases to below=13.

spin moments change only slightfiess than 0.lug/atom) For Ni, with 30=n=<38, our results are largejabout
whenU changes from 1.8 to 3.2 eV. Results of orbital mo-0.1~0.2 wg/atom) than those of Apseit al,, but show cor-
ments are shown in Fig. 5 for comparison. As expectedrectly the minimum at Nj,. For Ni, with 40<n=<60, our
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with the experimental values by Apsetd al. and Knickelbein. Ver- % 20.] v 4 n=42
tical dashed lines show the theoretical moment minima positions. E + n=35

‘g v n=57

results are in excellent quantitative agreement with Apselg 157 AN
et al. within =0.05ug/atom. The moment variation in this £ N2,
region is very smooth, with only one minimum at=56, @ 0 N+
also in agreement with Apsedt al. A minimum atn=28 H

exists in our calculations, but is not observed experimentally.§
Because there is a structure transformation from MIC to TICZ °57 %
right at n=27-28 (Fig. 2), the MIC structure used in the ]
present calculation is obviously not far from other metastables ,, ] . : :
TIC structures. A further check of the stability of the MIC 4 8 8 10 12
structure of Njg has to be made to clarify this discrepancy. (b Coordination Z

As shown in previous sections, the spin moments given
by eitherab initio or TB calculations are much smaller than  FIG. 7. Dependence of local spie), and orbital(b) moment on
the experimentally measured total moment, and do not exthe coordingtion number. Dashed !ines represent an ipterpolation
hibit the correct oscillatory size dependence. After considerP&tween an isolated atom and that in a bulk crystal as given by Eq.
ing orbital correlation and SOC, our calculations have reprogll) in the text. Open circles denote the re_sults_of Ni films calcu-
duced not only the general trend of moments Sizelated by the standard FLAPW method as given in Table I.
dependence including all minima located a{\iNiz,, and
Nisg, but also the absolute moment values measured in ex- ) _
periments. This agreement shows clearly that orbital contri- Although there are no experimental techniques to probe
bution is an indispensable part in nanocluster magnetisnihe local magnetic moment distribution in a cluster, it is still
because not only,,, has been greatly enhanced and com-Very interesting to analyze the contributions from different
pares fairly with its spin counterpart, but also the momengites inside a cluster. This will help us to understand the size

oscillations are mainly due to the orbital contribution. dependences of spin and orbital magnetic moments, and pro-
vide further insights on the enhancementsugf;, and wq,p,

in nanoclusters. To check the suggestion of Jensen and Ben-
nemann, we plot in Figs.(@ and 71b), respectively the spin
and orbital magnetic moments of all atoms inside three
In this section, we show that not only the spin moment,clusters—Ni,, Nigs, and Ni;, as the functions of their co-
but also orbital moment are enhanced for the surface atomsdination numberZ. We chose these three clusters because
of the clusters due to the change of their local environmentour calculations yield the best agreements with experiments
While the spin enhancement is, as well known from previousn that size region(Fig. 6). In addition, they cover a wide
studies on the magnetism of ultrathin films, due to surfaceange of sampling by containing atoms wifk=4-12, and
valence orbital shift and the increaseddfand holes induced exhibiting oblate, spherical, as well as prolate ellipsoids
by this shift, an enhancement for the orbital contribution hagFig. 2).
also been induced by this increasedoholes, and is found Consider first the atoms witd=12. The symmetry of
even stronger. This plays an important role in determiningNiss is very high, possessing 13 atoms with=12, split
the size dependence of the measured total moment, esp@to three nonequivalent types after including SOC. For
cially in the range of cluster size larger than 20 atoms. these atoms, we findugpi, ~0.54ug/atom, and wgp

bita
<>
/

A. Dependence on coordination

V. SURFACE ENHANCEMENT
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~0.06ug/atom [Figs. 7a) and 7b)] showing orbital 1.0

guenching similar to that in the bulk fcc Ni crystal. Although ] . s ned2

the symmetries of N and Nk, are different from that of < o8- + n=55

Niss, atoms withZ=12 show similar moment values since @ s v n=57

the d orbits of Ni atoms are very local. The agreement with £ : A © FLAPW

the corresponding bulk valuegspin=~0.55 ug and wep 9 06+ 4

~0.05 ug,*® is another evidence to show that our Hamil- N

tonian parameters, namely, tbel, and¢ are chosen reason- 04 v 6

ably. 3 o
We next consideZ =8 atoms. There are 30 such atoms in g (100} film o

Niss, again split into three nonequivalent types after includ- § o2- Y

ing SOC. As shown in Figs.(@ and 7b), their spin and & (111) film s

orbital moment differ not too much from those @f=12

atoms. It is also true for th&=8 atoms in Ni, and Ni;. 00 R
Final.ly, there are 12 atoms with=6 in Ni55, whigh are Coordination Z

sorted into two nonequivalent types after including SOC.

These atoms have ugpiy~0.93 ug/atom and wuqp, FIG. 8. Valence orbital shift as a function of the coordination

~0.7-1.0ug/atom, both obviously enhanced from the bulk number, compared with the core level stiifircles of surface at-

values[Figs. 7a) and 7b)]. oms from standard FLAPW film calculations as given in Table I.

Lower-symmetry clusters Dl and Ng; contain more
types of atoms. Atoms with even the same coordination puik_

. . Morp =0.05ug are taken from the experimental values of
could be different by relaxation of bond length or bond bulk Ni crystals. The interpolation results calculated by Eq.

angle, etc. Due to this change of environments, sites with thfﬁl) are shown in Figs. @ and 1b) by dashed lines. It is

same coordination number may have differeafin Or 4orb,  worth mentioning thatZ-interpolation equatior{11) holds
and this difference could be quite large in low symmetry arnoximately for all Nj clusters withn larger than 22, al-

cIuster_s[Figs._?(a) and 1b)]. Neve_rthe_:less, as shown obvi- though it is derived from Np, Niss, and Nk, only.
ously in the figures, lower coordination number always re-  coordination deficit of surface atoms is known to have
sults in larger local spin and orbital magnetic moments. o opposite effects to the spin magnetism, i.e., the band
For the sites withZ=8 (i.e. bulk and strongly bonding narrowing which leads to a spin moment decrease for over
surface atoms both u i, and w1, are not enhanced appre- half filled 3d metals, and the upward shift of surface valence
ciably. On the contrary, for the sites wi=6 (i.e., weakly  orbits due to the dipoles formed by the surface electronic
bonding surface atomsboth us,i, and ue, are greatly en-  spillover. It is the latter effect which surpasses the former
hanced. This sharp distinction could be understood from thene, leading to an overall giant surface moment, first re-
general argument of Ref. 16, that for a given ratio betweervealed in early 1980s by LSDA calculatidririgure 8 depicts
the orbital correlation and atomic bonding strength, thethe calculated surface valence orbital shifts fo NiNiss,
ground state changes from an orbital polarized one to aAnd Ni7 as the functions of the corresponding coordination
orbital quenched one at a certain dimensionality or coordinadumbers. It is shown that the valence orbital shift is not
tion number. sensitive to the cluster size, but depends mainly on the coor-
Although both local spin and orbital magnetic momentsdination number. Because a site with lowghas mores’
increase with decreasing coordination, the enhancement @ccupation, the shift increases almost linearly with the local
spin moment is smaller than in orbital one. For examplecoordination deficit.

while Spin moment increases from OE’_BB/atom for Z This valence orbital shift obtained in clusters by our TB
=12 to 0.7-1.2ug/atom for Z=6, orbital moment in- calculations could be compared with the core level shifts

creases from O_OﬁB/atom to 0_4_1_%B/atom’ over an obtained in films by standard LSDA Calculations, because

order of magnitude. We note that the magnitude of orbitalPoth of them are due to the electron spillover and have the

moment change is 0.35—1.}5;/atom, approximately twice Same physical origin. For atoms on Ni00) and (111) sur-

as large as that for spin, 0.15—0.65/atom. This partly fgces, their chal coordination numbers are 8_ and 9, respec-

explains the stronger oscillations jr,p, . t!vely. According to standard F!_APW calculations made for
As a numerical recipe, we found that the local spin andfive-layer slab$,the corresponding3;, core-level shifts are

orbital magnetic moments versus coordination can be ag?-35 and 0.29 eV, respectivelffable | and Fig. 8 They
proximated by agree well with those given by present TB Hamiltonian for

nanoclusters. This agreement shows that our parametrization
opiNorb) - z=8  scheme of the orbital shift is more reasonable than that used
by Alonso and co-workerS~®which required very different

1 . . . .
bulk
g[(S—Z)M?E%T(]orb)+Z#sgin(orb)], Z<8  shifts for different orbits on even the same site.

Mspin(orb)(z) =

(11) B. Coordination model and interpolation

where ud1'=2.00ug and udp"=3.00ug are, taken from As shown above, local spin and orbital magnetic moments
the Hund's rule values for Ni atoms, am«fgi'r'ﬁ=0.55¢3 and in larger clusters depend mainly on local coordination num-
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) ) ] Z-interpolation modelcrossesand experimentsopen symbols
FIG. 9. Comparison between the calculated spin and orbital mo-

ments by theZ-interpolation model and TB calculations. Vertical
dashed lines show theoretically predicted positions of momen

minima. l:|g. 10 as comparison. Theg-interpolation results are in

good agreements with those of Apstlal. for clusters with
n<200. Whenmn>200, the experimental moments are about

bers, being less sensitive to the cluster size. Therefore, w1 #&/atom lower than th&-interpolation values. This dif-
expect that th&-interpolation model, Eq(11), can describe €rence might be due to the temperature effect, because in
the spin and orbital moment variations approximately. As arfliS range of cluster size, Apset al. made their measure-
extension of Jensen and Bennemann’s coordination nfodelMent at an elevated temperatufe=303 K. As shown in

we assume that both local spin and orbital moments are ddbeir paper(Fig. 3 of Ref. 3, this elevation of measuring

termined by their coordination numbers, with values takerf®MPerature may indeed cause such an amount of moment
from Eq. (11). Neglecting the noncollinearity, the total mo- decrease. However, we cannot offer a reasonable explanation

ment of a cluster is obtained by to another earlier experiment by Billas al. which, though
claimed to be performed at temperatufe= 120 K, gave
1 1 much lower magnetic momentgig. 10.
M= Bspint Horb= Z Porb(Zi)+ Z Mspin(Zi)- We conclude at this point that for large Ni clusters (
(12) =22), local geometrical structure plays an important role in
determining the magnetic moments andZanterpolation
For clusters of the MIAL structuregspin and o, ob- model gives good estimates on the size dependences of mag-
tained from thisZ-interpolation are shown in Fig. 9, together Netic moment. However, one should notice that the experi-
with those calculated from the self-consistent TB ma@él ~ mental moment miniman(=13, 34, and 56, shown by ver-
ready shown in Fig. ¥for comparison. tical Im_es in Fig. 9, which are quite prominent in TB
For Ni, with n=22, the magnetic moments obtained from calculations and independent of the choicelbparameter,
this Z-interpolation agree well with those from our self- become much less prominent in tdeinterpolation results.
consistent TB calculations. Their differences are less thadhus thisZ-interpolation scheme is not precise enough to
+0.05 pg/atom for spin moments, and less than0.1  9ive the delicate features on the size dependence curve. Even
wg/atom for orbital ones. This shows that the surface enMore important point to be noticed here is that, comparing
hancement effect given by Hamiltonidh) could be repro- With the TB calculation, for the small clustera<20), as
duced approximately by considering only the coordinationShown in Fig. 9, the moments obtained by considering only
dependence. surface enhancement are rather large. For example, at
Since this scheme is so simple and elegant, it is of interest 13, ~ we  have uspin=0.88 ug/atom and oy
to see to what extent it could be applied. Although there are=0.73ug/atom according to theZ-interpolation, much
experimental measurements on magnetic moments for cluarger than the corresponding TB values 0/oy/atom and
ters withn> 100, no experimental and theoretical studies ond-15 ug/atom. We will discuss the physics behind this huge
geometrical structures are available. We thus only considedeviation in the following section.
nearly spherical clusters cut ideally from a fcc crystal. In
order to ensure these structures to have Fhe least relaxation VI. QUANTUM CONFINEMENT
on cluster surfaces which could be meaningfully compared
with experiments, all clusters chosen to plot in Fig. 10 by the Since the moment variations in small clusters cannot be
Z-interpolation possess atoms with coordination larger thamexplained by surface enhancements only, we study the den-
6. The experimental results of Refs. 2 and 3 are shown isities of state¢DOS) in such systems to explore other phys-
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ics. The integrated DOS per atom are shown in Fig. 11 for
Niy3, Niy4, and Nipg. Enlarged plots are shown in Fig. (B2
for an energy window below thé band bottom and in Fig.
12(b) for another energy window near the Ferghighest
occupied energy. It is noted that different units of DOS are
used in Figs. 11 and 12. It is obvious from Fig. 11 that the
electron occupation is dominated by tiébands, spreading
from —4 to 2 eV with respect to the Fermi energy. Due to
the very localized nature af orbits, DOS shown in Fig. 11 120 4= — T
are very similar for all three clusters. However, below the
. . o (b) Energy (eV)

band bottom as shown in Fig. 2, very characteristic fea-
tures due to quantum confinement appear. The first two FIG. 12. Integrated density of states peusterin an energy
states, one spin up and another spin down, consist of th@indow[—8 eV, —2 eV] for clusters witm=13, 14, and 28, and
atomic s orbits of all atoms of clustera=13, 14, or 28. (b) in another energy windoy—1 eV, 2 eV] for clusters withn
These two states show a global S symmetry, markedSda 1 =13,14. Quantumly confined states are denoted in the figures by
Fig. 12a). The next six statemarked 1P in Fig. 1@)] their global symmetries.
consist also of the atomigorbits of all atoms inside a clus-
ter, but have globaP symmetry over the whole cluster. En-
ergies of these eight states are lower thandh®nd mini-  marked as D(, ) in Fig. 12b), are still left empty above
mum, and are all occupied far=13, 14, and 28. Their the Fermi energy.
energies decrease with increasing the cluster size, and the This volume confinement leads to quantum terraces in the
degeneracy of 1P states depends on the shape of clustersselectron occupation against the cluster size as shown in Fig.
1P states are perfectly degenerate for nearly spherical clust3. With large enough size, we find teelectron occupation
ters withn=13 and 28, but are splitted for the prolate clusterto increase almost linearly, about 0.§2lectrons per atom as
Niqg. shown by the dashed line in Fig. 13. However, one terrace

At a higher energy region, we find other ten states toappears frorm=9-13 where the total number sklectrons
consist mainly of atomics orbits of all atoms but show a remains eight independent of the cluster size, as shown by
global D symmetry. These states are marked 8sifh Fig.  the horizontal solid line in Fig. 13. In fact, when the size
12(b), with five states spin up and others spin down. Forincrease froom=9-13, all eight B and 1P states are oc-
Ni3, these ten states are almost degenerate. The small ecupied, but all D states are empty due to the volume con-
ergy differences are induced by very small exchange interadinement.
tions, because these states contain mainly atsmibits and The volume confinement omelectrons has great impact
only smalld components through hybridization. Forpliall ~ on thed band filling. As the total number of electrons in-
ten D states are about 1 eV above the Fermi energy. Focreases froom=9 to 13, since the derived globalS andP
Niq4, the structure is prolonged along one direction and thestates can hold only eight electrons, the additional electrons
symmetry is lowered. As a consequence, the energies of twoave to fill thed derived bands. This is shown by the sharp
states, marked asDl(o) in Fig. 12b), are greatly lowered increase of the averagkelectron occupation from=9 to
and become occupied; while the remaining eight statesl3 in Fig. 14. Thed-electron occupation reaches a maximum
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459 as a measure to describe this quantum confinement, we note
40 "_.-" again that the effect on orbital moment is roughly twice as
m ] - that on spin moment.
5 %3 -~ Fujima and Yamaguchialso considered this quantum
(=]
§ 30 _.-"'—.. confinement effect, and assigned speculatively the oscilla-
u_i 25 ] e tions of magnetic moment to the quantum filling of a series
5 ] .-" of s-derived states. Our calculations confirm that the mini-
5 207 o mum at Ni5 is mostly due to this origin, but other oscilla-
45 _,,—"'.. tions at larger size are mostly from the surface enhancements
= ] .-_- of orbital moments. Another point, different from their
g 1 — speculations, is that even just above;J\ithe filling of
- R s-derived globalD states does not happen abruptly because
o 1. the globalD states are no longer degenerate when a cluster
o 10 2 a0 4 s e becomes less symmetric whab-13. Instead, the ten global
Cluster Size (atoms) D states are lowered below the Fermi energy gradually, lead-

ing to a gradual increase of spin moment wheincreases
FIG. 13. Total number of electrons as a function of cluster from n=14 to about 20.
size. Dotted line shows the average numbes electrons per atom.
Terrace(horizontal solid ling at totals electron number 8 frorm

=9 to 13 shows the quantum effect of volume confinement. VIl. SUMMARY AND CONCLUSIONS

In addition to the hopping, exchange, and SOC terms
at Ni;3. Assuming full occupancy of the spin upbands, the which are usually used in previous TB calculations, we show
number of spin-down holes could be simply estimated by théhat orbital correlation and valence orbital shift due to the
quantum confined number sfelectrons, giving 8/90.889  electron spillover from the surface atoms to the vacuum are
and 8/13=0.615 holes per atom, for Niand Nig, respec- important in the study of nanocluster magnetism. They have
tively. This is just the spin moments obtained by all first- been included properly in the TB Hamiltonian used in this
principles LSDA calculationgReddyet al. and Reusest al.  paper. With this rather general and unified formalism, we are
in Fig. 3 and approximately by TB calculations tgoresent able to show, in a consistent way, that both spin and orbital
and Guevaraet al. in Fig. 3) except that of Alsons@t al.  magnetic moments of Ni clusters are sensitive to the coordi-
This explains why the spin moment of }Nishows such a nation numbers, and are influenced by quantum confinement
sharp minimum, and the total moment of,Ndrops even in very small clusters.
below that of many larger clusters in experiments. The calculated magnetic moments of, Miusters withn

The averageal-electron occupation is about 9.04 for clus- between 9 and 60, are in better agreements with the experi-
ters withn>30 and is about 9.08 for clusters with <% mental results than previous theoretical treatments. For
<28. Compared with Fig. 2, the step at 28 is probably re-atomic sites withz=8 (i.e., bulk and strongly bonding sur-
lated to the structure transition. With increasing the clusteface atomg both w,, and us,i, are only slightly enhanced
size, the quantum confinement effect becomes small. Takingompared with bulk values, but the enhancement is great for
the difference between TB arflinterpolation resultFig. 9  those withZ<6 (i.e., weakly bonding surface atojmnsA

simple coordinatiorZ interpolation is found to account ap-

9.3 proximately for the size dependence of magnetic moment
] whenn= 22. Thus, the coordination humbgre., geometri-

92 /'\ cal structurg plays a main role in determining the magnetic
E gy /' ", n moments of large Ni clusters, and a proper TB calculation is
I . < - necessary to give precisely the moment values and exact po-
= ] / - ASupy-m . . e . .. .

S90] W sitions of moment minima. Identlflcan_on of minima is maqle_

5 1 _/ possible by analyzing our TB calculation results. Sharp mini-

T 89 mum at Nis is contributed by both orbital and spin mo-

E . ments, and due to both quantum confinement and surface

5 enhancement effect. Minima at iand Nig are contributed

3 37 mostly by orbital moments, and mainly due to surface en-

E hancement effect.

Z 864 Quantum confinement effect is the main reason that mag-

] netic moment of Nj; reaches such a pronounced sharp mini-

85 o 2 a0 a0 s e mum. In small clustersn=20), this effect has strong influ-

ences on thel hole number, anglg,;, and uq, are greatly
decreased due to the decreasd bbles. The change ing,

FIG. 14. Number of average electrons per atom as a function due to decreasing holes is about twice as large asinp,
of cluster size. The peak at=13 explains the deep minimum of for Ni atoms, as expected from Hund’s rules for the case
both spin and orbital moment at this cluster size. when d hole is less than 1. As a result, orbital magnetic

Cluster Size (atoms)
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moment plays the most important role in the moment oscil- ACKNOWLEDGMENTS
lations versus cluster size.
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